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Preface 


With the ever-increasing trend towards the retention of aircraft in service much longer than originaily planned, coupled with the 
facts that airframe structures are much more precisely optimised and advanced active control systems are common, it is 
essential that state-of-the-art fatigue monitoring procedures are used. Information frmn such systems is vitally important for 
efficient cost effective fleet management. Such data are also important to procurement authorities when trying to plan aircraft 
replacements. 

The Specialists’ Meeting on Fatigue Management was very well supported, both in terms of the number of papers presented and 
in terms of the very large attendance. Topics addressed during the presentations covered design philosophies, testing, aircraft 
tracking, control of fatigue consumption rates and education. Both deterministic and probabilistic procedures were discussed. 

The meeting concluded with a well-attended discussion period. A summary of the issues and recommendations is provided at 
the end of the Proceedings. 


A.P.Ward 

Chairman 

Sub-Committee on Fatigue Management 


Preface 


Etant donne la tendance de plus en plus marquee vers le maintien en service des aeronefs au-dela des dates limites initialement 
prevues, en plus du fait qu'aujourd'hui les structures des cellules sont optimisees de fa 9 on plus precise et que les systemes a 
commandes actives se sont banalis^, la mise en oeuvre des demieres procMures de contr^e de la fatigue est d^rmais 
indispensable. 

Les informations issues de tels systemes sont d'une importance capitate pour la gestkm efficace et rentable de la flotte a^enne. 
De telles donnees sont egalement ten utiles aux responsables des approvisionnements lots de la planification de la 
renouvellement de la flotte. 

La reunion de spKialistes sur le contrdle de la fatigue a ili laen soutenue, tant du point de vue du nombre de communications 
presentees que cehii de I’assistance. Les presentations ont porti sur les philosophies de conception, les essais, le suivi des 
avoins, le contrdle des taux de consommalion en fatigue et la formation. Les disciiraions ont porte aussi bien sur les procedures 
deterministes que probabilistes. 

La reunion a conchi par une table tonde qui a rassemble un nombre important de participants. Un resume des questions 
debattues et des recommandatiofis qui ont M formalees est donne en annexe au compte-tendu de la reunion. 

AJ>.Waid 

Prfsident du Sous-Comite 
sur la Oestion de la Fatigue 
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KEYNOTE ADDRESS 


structural INTE<aUTV IN THE ROYAL An FORCE 

by 

Air CoaBodotc T.C.D««ies 
Director, Support Management (1) RAF 
Ministry of Defence 
Lacon House 
Theobalds Road 
London WC1X8RY 
United Kingdom 


Military aircraft are now more likely to be retired when their fatigue lives expire, rather than when they become obsolete. As 
aircraft are kept in service much longer than originally envisaged it becomes more difficult to maintain airworthiness. This 
presentation gives a briefoverview of the RAF's structural integrity organisation, with particular emphasis on fatigue analysis and 
fatigue management. 


Ladies and Gentlemen, Good Morning. I am Air 
Commodore Davies, one of the six Directors of Support 
Management in the Royal Air Force. I was particularly 
pleased to be asked to speak to you today and to be able to 
add my own welcome, especially to th^ delegates who 
have travelled from overseas. Losing at your programme 
for the week ahead, I think you will find your visit to Bath 
both interesting and rewarding. In these times of stringent 
defence budgets it is essential that we NATO allies tailor ou. 
research and development in the most cost effecnve manner. 
You in AGARD have a vital role to play in achieving this. 
The subject of your Specialists' Meeting — Aircraft Fatigue 
— is a typical area of concern which affects us all and it is 
most certainly an issue in which the RAF is deeply involved. 
Indeed I feel that it is very appropriate for me to present 
today's Keynote Address. Within my orgamsation sits the 
RAFs aircraft structural integrity policy branch and its 
head. Wing Cominander Cunningham, is a member of the 
SMP. In addition, I am also responsible for the in-service 
support of Tornado, an aircraft with which I have been 
associated for many years. These two aspects of my work 
have been brought together in presentation whidi you will 
hear later on during the Specialists' Meeting. The 
presentation, entitled ‘Fatigue Management in the RAF, will 
use the Tornado as an example. 

Over the next IS minutes or so I would like to describe how 
the RAF maintains aircraft structural integrity. There is no 
doubt that this is a support area which requires very dose 
attention. This is particularly so in Britain at the moment, 
where the Ministry of Defence is malting strenuous efforts to 
condrine authority and accountability under its New 
Management Strategy; in short we ate lookiiig for better 
value for money. I wUI not dwell on the routine aircraft 
maintenanoe issues, most of you win be toailiar with those. 
InaMad I win look a< our policies, in partioilar those for 
flt^ue analysis and Ihtigiie man ag wient . Wth the cost of 
new conabat aircraft ineaoabty rising it is perhaps not 
surprising that we txsM to keep aiieta ft in service much 
lon^ than we originally MeoM. These daqu it is often 
mote coel aSsetive to update an aincrafth avionics rather 
than to replace the whole wea p o ns plalform. Usuafiy 
th etefc ir c. the Beet is w i thdraw n from service osdy when the 
bHgtt life expires. The Bu cca ne e r, is a typical example. 


Specified and built for the Royal Navy it subsequently 
entered service with the RAF about 20 years ago. When we 
finally retire it in a few years time the aircraft will have served 
for more than 6 times its originally specified fatigue life. It is 
perha^ ironical that the Buccaneer is due to be withdrawn 
from service shortly after it flew in combat for the first time 
with the RAF in the Gulf War recently. 

Now about the time that the Buccaneer was entering service, 
although the timing was pure coincidence, the RAF suffered 
a spate of fatigue-relat^ accidents to a variety of aircraft 
types. A study into aircraft structural integrity was therefore 
commissioned. The study concluded that the day-to-day 
airworthiness issues were being quite properly managed by 
the appropriate Engineering Authorities — in fact we still 
have a siinilar support system today. However, the study 
identified the need for a separate organisation to look a! the 
broader aspects of structural integrity. A new branch was 
subsequently formed in the Ministry of Defence and it 
currently consists of 6 specialist ofliceis. 3 of whom have an 
MSc in Aircraft Design from Cranfield Institute of 
Technology. In broad terms this branch is charged with 
definiiig and implementing the RAFs structural integrity 
policy, but as you can imagine much detailed work lies 
behind diat all-embracing remit. During the week I know 
Wing Commander Cunningham would be delated to 
elaborate on the work of Ms brandi if you are biterested. 
Some may question the need to lay down a formal policy. 
After all the RAF's acckleni rate compares favourably nnik 
that of its NATO alhcs and aircraft losM due to fatigue have 
Mstorfcally accounted for only 2% of mi^ accklefits. I 
suppose that doesn't sound loo bad a record. However, if I 
put it another way and said that in the last 17 years we have 
lost S aJicraft due to structural finhire the picture is not as 
rosy. Apart from the unacceptable risk to Bfc this repre s e n ts 
a significam capital loss. Add to this the costs of corrosion 
icctdiaMion and fet^ue remedial packages throughout fee 
life of an aiicnft fleet and you can see that 
structural integrity is an expensive business. Our current 
policy, then, has 3 aims: 

Firstly; 1b maintain Flight Safety. 

Secowfly: To mauum oper a ti ona l capabihty 

and maxhnise ancraft avadab^. 








Thirdly: To minimise life cycle cosis. 

So how do we meet those aims in practice? Clearly there are 
many threats to structural integrity — corrosion, stress 
corrosion, the environment and normal operating hazards 
are typical examples. However, it is mainly fatigue that we 
are concerned with here today. I would venture to suggest 
that fatigue remains the most .sjgnificani threat to aircraft 
structural integrity and will continue to he so for the 
foreseeable future. In addition, structural maintenance ~ 
much of it fatigue-related — represents a large proportion of 
an aircraft's life cycle costs. I would therefore like to describe 
how. over the past 20 years or so. our fatigue monitoring 
policy has evolved in response to the threat. 

It was back in the 1950s, in the wake of the Comet disasters 
that the Royal Aerospace E.stabli.shment, Famborough 
introduced a system of fatigue monitoring that eventually 
became known as the safe life phj}o.sophy. Most of our 
combat aircraft today are still designed to this principle and 
of course it is combat aircraft that give us the most fatigue 
problems. The fatigue life of the aircraft is demoastrated by 
the factored results of a full-scale fatigue test specimen. In 
service, fatigue consumption is derived from a fatigue meter 
and we have a manual recording system based on the Flying 
Log and Fatigue Data Sheet, or Form 725. 'Hte F725 
records sortie details such as start up and shutdown mas.ses. 
fuel received and stores expended. After the .sortie the 
fatigue meter readings are entered on the same form. The 
hnal step is to turn this data into a Fatigue Index, or FI. of 
damage by means of the fatigue tormula. With this 
rudimentary monitoring system we thought wc had pretty 
well taken care of fatigue. Needless to say, there is no room 
for complacency in aviation and it was not long before we 
were caught out with another series of fatigue-related 
accidents in the early 1970.s. Hindsight is a wonderful thing 
and it was readily apparent that these accidents had a 
common thread. Aircraft were being used in service in 
different ways to those assumed by the designer. For 
example, we lost a Harrier becau.se a flap drive failed and the 
resulting asymmetry put the aircraft into an uncontroUable 
roll. After the Harrier entered service its pilots found that 
combat manoeuvrability could be improved dramatically by 
using the flaps. There was nothing to .stop them doing this as 
limiting speeds were not being exceeded. However, no-one 
had told Che designer, who quite naturally assumed that flaps 
would be used only for take-off and landing. The flap drive 
system was therefore not designed for the arduous loading 
cycle it was experiencing and the result was a classic fatigue 
failure. 

Obviously designers have to make certain assumptions 
about how an aircraft will be used in service, but the fetigue 
meter — which is after all only a counting accelerometer — 
was not providing sufficient feedback on actual usage. The 
solution adopted was the production of diis, the Statemoit 
of Operating Intent, or SOL This document, which is written 
by my structural integrity branch, is now a formal Air 
Publication and one is produced for every aircraft type. It 
provides the Design Audiority with detailed information on 
how Uw aircraft is being used, including all the 
representative sortie profiles. Every year the document is 
sulyect to a fomal review and nMurally this involves us in a 
close dialogue with our aircrew coBeagifcs. 

So 15 years ago. with the SOI and detaib from the F725 
providing a measure of fatigue damage on a sortie-by-sortie 
basis, we had every ctmfidcnce that fatigue was nicely under 
control, Hoamver, te 1980 we were caught out once ^ain 
when in the space of 7 months we lost 2 Buccaneers thtough 


unrelated wing .structural failures. You might reasonably ask 
why the full-scale fatigue test did not predict these failures. 
Well again with the benefit of hindsight there was a clear link 
between the 2 accidents. The fatigue test load spectrum 
included only symmetric loads on the structure. This was 
realistic for the Buccan^r in maritime use. However, in 
RAF service the aircraft was being used in a terrain-hugging 
overland role which involved aggressive flying, including 
combined rolling and pitching manoeuvres. Following the 
second Buccaneer crash the Ministry of Defence was 
criticised for failing to exploit available technology in fatigue 
monitoring systems. In retrospect, the criticism was well 
founded. In Ixrth accidents the fatigue failure occurred 
because the test loads applied were not representative of in- 
service u.sagc. 

I'm pleased to say that we have made significant progress 
over the past 10 years. Having established that test loads 
were unrepresentative, it was a logical step to measure actual 
loads on in-service aircraft and this we have been doing for 
some time through our Operational Loads Measurement, or 
OLM. programmes. Data from this sort of ^uipment can be 
used in 3 ways. Firstly, it can be used to confirm the 
assumptions made by the designer. Secondly, when 
substantial discrepancies arc apparent we can feed it back 
into the full-scale fatigue test so that we apply actual loads 
that have been measured in flight. Thirdly, we can use the 
data to modify the aircraft's fatigue formula in the light of 
actual usage. Of course such programmes are not cheap, 
costing many £ millions to set up and run. Nevertheless, at 
the moment OLM programmes seem to offer the most cost- 
effective method of improving our overall fatigue 
monitoring and hence our confidence in structural integrity. 
The RAF is firmly committed to OLM and it is now policy to 
have such a programme on all new types entering service — 
including Riders. Incidentally, my .structural integrity 
branch writes the detailed Staff Requirements for OLM and 
also acts as sponsor for the programmes. 

So having given you a quick resume of how we arrived at 
where we are today, how does our system work in practice? 
For example, what do we do with all the fatigue data that we 
gather on the F725s? For most of our aircraft, the actual 
computation of Fatigue Index is carried out at the 
Maintenance Analysis and Computing Division, or MACD, 
at RAF Swanton Morley in Norfolk. My policy branch 
works very closely with MACD in this area and you will hear 
of this in more detail during the Specialists* Meeting. Over 
the past few years we have made excellent progress in 
making fatigue data more easily digestible. MACD now 
produces a range of colour grafrfu^ outputs which are 
much more user friendly than the pages of tabulated data 
they replaced. Not only do we present historical data, but we 
try to produce realistic projections to enable fleet managers 
to anticipate future problems. 

However, in the field of aitcraft structural integrity otiter 
specialist agencies are involved. As I mentioned earlkr, the 
dlay-to-d^ airworthiness issues are handled by tite relevant 
aircraft Engineering Authcroty, now re-termed Sufi^rt 
Authority under our New Management Strategy. However, 
the broa^ policy aspects must involve the aircraft Design 
Authorities, the Royal Aerospace EstabUsIffnent at 
Farnborougb, the aircraft Pre^ Offices in the Ministry of 
Defence (Procurement Executive) aiKl the Air Staff (who 
need to be kept aware of any operational implications) as 
wefi as MACD and my own poKcy branch. Otite dearly 
these agoides need to be drawn together and this we do 
throuj^ the medtum of the Structural Intejpity Worfcii^ 
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Group, or SIWG; there is one for each aircraft type. The 
SIWGs meet at least twice per year (more frequenity for the 
troublesome types) and ^opt a common agenda, which 
covers in detail all aspects of aircraft structural integrity. 
Topics considered include corrosion. stre.ss corrosion and 
the effects of any recent modifications on fatigue life or static 
strength. Furthermore, the SIWGs ensure that the SOIs are 
kept up to date and they monitor closely the results of OLM 
programmes. SIWGs also task the D^ign Authorities to 
consider the effect of any change in aircraft usage on the 
fatigue formula. Each SIWG produces an annual report, 
which summarises the main areas of structural integrity 
activity on its aircraft. These reports, which are widely 
circulated, provide our senior officers with an assurance that 
aircraft structural integrity is being properly manned. 

These days, FI consumption is a major topic for SIWGs to 
consider. Over the years we have come to realise that fatigue 
is a financial resource and, just like any other resource, it 
must be budgeted to ensure its most cost*effective use. It is 
not something that can be left until (he aircraft approadies 
the end of its life, by then it is far too late. We must start as 
soon as the aircraft enters service and monitor closely 
fatigue consumption throughout Us life. Of course the 
problem becomes even more acute when our Air Staff 
colleagues decide to run on an aircraft fleet beyond its 
originally specified out-of-service dale. The modern 
MACD outputs that I described a few moments ago are 
proving to be excellent aids for the SIWGs. Using this sort of 
presentation we can quickly assess which are (he most 
fatigue-damaging sorties and how often they are flown. We 
can then offer our aircrew colleagues some soundly based 
advice. Indeed we place much emphasis on aircrew 
education and with .some success. It is worth remembering 
that fatigue is also an aircrew resource. It is the aircrew that 
use fatigue, govern its rate of usage and hence determine 
how long an aircraft will remain in service. Frequent 
dialogue between engineers and operators is therefore vital; 
this is an area that we ignore at our peril. 

1 would now like to turn my thoughts to the future. There is 
no doubt that in recent years the major advances in combat 
aircraft have been driven by the dramatic improvement in 
on-board computation. For example, the Tornado 
computer's power has increased by a factor of 8 since the 
aircraft entered service. The way ahead for fatigue 
monitoring systems (s clearly to make use of these ADP 
facilities, ^r flrst such system is already taking shape — the 
Fatigue Monitoring and Computing System, or FMC^ — for 
the Harrier GR7 and we hope EFA will have a comparable 
system. FMCS will give u.s an accurate, almost real-time 
output of FI consumption on a sortie-by-sortie basis using 
its on-board computer and hard-wired strain gauge system. 
Using electronic data transfer between operating units and 
MACD we will be able to present users with processed 
fatigue information much more quickly than hitherto. 
Although the in-service date for FMCS is still SOTie way off 
we are already working hard to formulate plans for its 
introduction. With the mass of data that can be extracted 
from such fotigiK monitoring systems it is important to lay 
down a Arm policy for its control and dissemination. Too 
much information in the wrong hands could be counter 
productive. 


My second point about the future is one which I hope will 
give you food for thought: access to the structure. For 
combat aircraft, access to systems is addressed, with varying 
degrees of success, during the design phase; however, 
structural access is often difficult and ftequentiy expei^ive. 
For example, after the second Buccaneer crash we scrapped 
one third of the fleet because the repair sch^e was so 
difficult and expensive; in addition, we spent around £100 
million repairing the remaining aircraft. With structural 
maintenance accounting for about 20% of an aircraft's 
overall life cycle costs I believe this is an area which merits 
further study. There are potentially some very large savings. 
In theory it is only damage tolerant aircraft which require 
inspection to assure structural integrity. However, 
experience has shown that it is naive to expect a fail safe 
design to last its service life with no significant fatigue 
defects. Tornado had a whole series of fatigue remedial 
packages which began very early in its service life and each 
of which required masssive stripdown to reach the relevant 
items of structure. I am no more confident about future 
generations of aircraft. Despite closer attention to R & M 
aspects in weapons system specifications, basic aircraft mass 
is still the performance driver and performance is 
paramount. Even with the advent of advanced materials and 
CAD techniques the pressure is still on to keep the structural 
mass to a minimum. Unpredicted, in-service fatigue failures 
are therefore here to stay and undoubtedly our successors 
will still be in the business of unplanned replacement of 
structural components. My question to you is ffiis: we spend 
£ millions on advanced fatigue monitoring system.s to aid 
cost-effective fatigue management but could we be equally 
or more cost effective if, during the aircraft design phase, we 
considered structural access to potentially fatigue-critical 
areas? 

In just a few minutes it is very difficult to examine any subject 
in depth, particularly when it has as many facets as aircraft 
structural integrity. Even using fatigue as my theme 1 have 
been able only to skate over the surface. No doubt over the 
next two days you will be covering the ground in much 
greater detail and I very much look forward to hearing some 
of the presentations. Nevertheless. I hope I have been able to 
give you a flavour of how the RAF considers structural 
integrity, in particular from a fatigue management point of 
view. The subject is just as important to us as it is to the fare¬ 
playing airline passenger, although perhaps somewhat less 
emotive! Over the years our or^nisation has everfved to 
meet the fetigue threat. It would be true to say that we have 
made some mistakes and that in the past our system only 
reacted to proMems. However, with a specialist policy 
branch dedicated to aircraft structural integrity now firmly 
embedded in the organisation. I believe we are well placed to 
meet the future with ccmfidence. 

Ladies and Gentlemen, I very much appreciate being given 
this opportunity to speak to you this morning. Once again, 
on behalf of all the British panel members, nu^ I welcome 
you to England and Bath in particular, a deli^tftii city to 
visit in the spring. 1 hope the British weatiier is kind to you 
this week and that you enjoy your stay. Most importantly, I 
hope you find the SMP a professiomU and stimulating forum 
in which to participate. I am sure you will. Ladies «id 
Gentlemen, thank you. 
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■the DEVBIAFMEIR OF FATIGUE HAHAGEKEHT BE(H3IBEMElirS AND TECBNIQUES* 


A P Ward 

Bead, Fatigue & Fracture Technology 
British Aerospace (Military Aircraft) Ltd 
Varton Aerodrome, Preston, PR4 lAX, England 


SUMMART 

Fatigue oanagement requirements and 
techniques have evolved over a period of 
40 years or more. This paper provides an 
overview of these developments. 

An historical summary is presented 
covering the introduction of the 
different monitoring techniques ranging 
from the simple V-g recorder through to 
the multi-channel systems with on-board 
processing that now exist. 

The paper concludes with a summary of the 
main requirements for modern systems and 
then identifies a number of key issues 
that should be addressed during the 
course of the Specialists' Meeting. 

1 . nmraoncmM 

Fatigue management requirements and 
techniques are fundamental to the 
efficient utilisation of modern fleets of 
military aircraft and to the maintenance 
of structural integrity. There have been 
significant advances mede in the 
techniques available for fatigue 
monitoring and a number of these are 
discussed by other authors at this 
Specialists' Meeting. 

This paper provides a brief historical 
review of developments in fatigue 
monitoring and then identifies a number 
of matters that should be addressed when 
designing new systems. 

2. FEB-19A0 

Over 40 years ago there were no 
requirements for the collection of data 
for fatigue monitoring and management 
purposes. In the UK studies were 
underway, using V-g recorders, to collect 
data for design purposes for both 
military and civil aircraft (refs. 1 and 


2). This information was of some 
assistance in making fatigue predictions 
but there was also a recognition that 
better information was necessary. Based 
on the knowledge that the wing root 
tended to be the critical area and for 
those subsonic aircraft with simple wing 
planforms, that wing loading and eg 
acceleration were readily related, the 
counting accelerometer was developed 
(ref. 3). This device was used in 
conjunction with height, speed, time and 
weight data in a major programme 
commencing in 1951 to gather turbulence 
intensity data on a world wide basis 
(ref. 4). 

The widespread use of the counting 
accelerometer, or "fatigue meter", 
followed. From 1954 onwards most UK 
military aircraft have been fitted with 
the device as have many UK civil 
aircraft. 

In the USA parallel activities were 
underway. The Service Loads Recording 
Programme (SLRP), which commenced in 1936 
with the objective of collecting design 
information, had its bias changed in 1958 
towards the collection of fatigue usage 
data (ref. 4). Also, in 1954, Skopinski 
et al published their report on the 
calibration of strain gauge installations 
for use in load measurement programmes 
(ref. 5), these techniques in general 
still being relevant. 

In this same period special studies were 
initiated to gather fatigue relevant 
information for different types of flying 
(ref. 6, for example) for those parts of 
the structure for which eg acceleration 
had little relevance. Such data provided 
damage rates which could be used for 
monitoring purposes if the mixture of 
types of flying was known. 





An alternative approach vas to use Role 
Severity Factors. These were theoretical 
damage rates for different roles 
(missions) relative to the design role. 
The damage rates were estimated for each 
type of sortie to be flown by the 
aircraft using assumed sortie profiles 
and atmospheric turbulence data, possibly 
supplemented by assumptions of typical 
manoeuvres that would occur in the 
sorties. 

3. 1960 - 1970 

The simplifying assumptions associated 
with the use of the fatigue meter, and 
the fact that loads on many parts of the 
structure could not be related in any way 
to eg acceleration, led to the need to 
develop improved methods of fatigue 
monitoring. To record more information 
on a fleetwide basis was a major task 
because of airborne recording and 
subsequent ground processing demands. 

The USAP, for example, did record more 
data in the SLRP on a limited number of 
development aircraft. These studies 
enabled bi-variant tables of fatigue 
relevant parameters to be produced, from 
which fatigue damage rates could be 
predicted. By 1970 the Life History 
Recording Programme was introduced (ref. 
4) with the objective of using 
statistical techniques to establish 
whether changes were occurring relative 
to the load spectra generated from the 
SLRP. 

In the same period (1960 - 1970) special 
fatigue monitoring devices were being 
devised and evaluated (refs. 7, 8 and 9 
for example). Such devices were intended 
to be installed at the fatigue relevant 
locations on the airframe to measure 
directly local strain histories which 
could then be converted to fatigue 
damage. 

In 1968 the NATO Military Committee 
suggested that "Fatigue load monitoring 
of tactical aircraft" vas a problem that 
required studying. A task vas placed on 
the SHP who subsequently presented agreed 
conclusions and recommendations (ref. 

10). The recommendations were that there 
should be efforts 


(i) to establish statistical 
relationships between movement 
parameters and structural loads 

(ii) to develop a simple strain recording 
system 

(iii) to establish techniques for fatigue 
life monitoring in those NATO 
countries where established 
procedures did not exist 

4. POST 1970 

A considerable explosion of activity has 
taken place during the last twenty years. 
In addition to the use of manoeuvre data 
to produce bi-variate tables of fatigue 
relevant parameters similar data are 
being used to develop parametric methods 
of fatigue monitoring. In this case 
aircraft response data are used to 
determine predictions of loads from 
parametric equations that have been 
derived using regression techniques 
(refs. 11, 12 and 13 for example). 

In the UK, for each aircraft type, there 
has been a commitment to the use of 
Operational Load Measurement programmes 
on a limited number of aircraft in the 
fleet to supplement data obtained from 
simple fleetwide monitoring systems such 
as fatigue meters. The Tornado SUMS 
programme is such an example, this being 
reported at the last AGARD meeting where 
fatigue monitoring vas discussed (Sienna, 
Spring 1984) (ref. 14). 

At the same meeting it war reported that 
the USAF would use multi-channel 
parametric recording on some of the F-16 
fleet, supplemented by lOCZ fit of a 
Leigh Mechanical Strain Recorder (ref. 
15). On the other hand the USN planned 
to use parametric data in conjunction 
with seven strain gauge channels for lOOZ 
of the fleet of F-18 aircraft and 
parametric data with no strain sensors 
for lOOX of the F-14 fleet (ref. 16). 

In Australia there has been widespread 
use made of the Aircraft Fatigue Data 
Analysis System (AFDAS) which is a 
multi-channel strain gauge driven system 
with on-board processing supported by 
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subsequent ground analysis. In the UK 
the Fatigue Monitoring and Computing 
System (FHCS), which is also strain gauge 
driven has been designed to perform all 
computations on-board. 

5. KBOUIRBMEWTS 

For current and future aircraft there 
must be more effort to produce on-board 
monitoring systems that derive fatigue 
damage at a number of locations on each 
aircraft in the fleet. The primary 
contenders seem to be:- 

o direct strain monitoring using 
uncalibrated strain gauges and 
multi-channel recorders and computing 
systems 

o load monitoring using load calibrated 
strain gauges on a limited number of 
aircraft to supplement and "tune" less 
complex systems on the remainder of the 
fleet 

o parametric systems using signals 

already available on each aircraft from 
flignt control, avionics, navigation, 
fuel management and stores management 
systems 

The main requirements for a fatigue 
monitoring and management system are:- 

o to ensure that aircraft do not exceed 
their design life 

o to identify the optimum time for the 
embodiment of modifications that are 
fatigue dependent 

o to control life used in different 
sorties and to identify high damage 
sorties 

0 to identify high damage manoeuvres 

o to establish correct inspection 
intervals for "damage tolerant" or 
"fail safe" structure. 

During the Specialists' Meeting a number 
of speakers will discuss such systems. 
There are many questions to be 
addressed, the main ones being summarised 
below. 


o With an uncalibrated strain gauge 

system what sort or repeatability might 
be expected from one aircraft to the 
next? 

o Differences in strain gauge response 
per unit load can exist - are these 
important from a fatigue monitoring 
viewpoint? 

o What long term reliability (20 to 30 
years) can be expected from a strain 
gauge system? 

o How easy can new monitoring locations 
be accommodated? 

o With a parametric system what accuracy 
might be expected? 

o What verification procedure is 
necessary for any system? 

o If new monitoring stations are 

necessary what effort is involved in 
setting-up new parametric equations? 

o A more fundamental question relates to 
the main priority of a fatigue 
monitoring and fleet management system. 
For a fleetwide fit should it be to 
identify changes of severity of one 
sortie relative to another with a high 
degree of reliability even though the 
absolute accuracy in fatigue damage 
terms is slightly degraded? If so, to 
what extent should there be special 
studies on a limited number of aircraft 
and what would these be? 

It is hoped that, at the conclusion of 
this Specialists' Meeting, guidance can 
be provided with regard to all there 
points. 

REFBREKCES 

1. Jones DT "Interim report on results 
obtained from V-g recorders fitted to 
Meteor III aircraft." RAE Structures 
Report 10, October 19A7. 

2. Jones DT "Speeds and normal 
accelerations of Boeing Clipper 
aircraft on North and South Atlantic 
routes." RAE Structures Report 25, 
May 1948. 



3. Taylor J "Design and use of counting 
acclerometers" RAE Structures Report 
78, June 1950. 

4. - "Flight recording in NATO 
countries." AGARD-AR-39. 2nd 
Edition, July 1972. 

5. Skopinski TH, Aitken US Jr, Huston UB 
"Calibration of strain gauge 
installations in aircraft structures 
for measurement of flight loads." 

NACA Report 1178, 1954. 

6. Bums A "Fatigue loadings in flight : 
Loads in the tailplane and fin of a 
Jet Provost." RAE TN Structures 260. 
Feb. 1959. 

7. Horne RS "A feasibility study for the 
development of a fatigue damage 
indicator." AFFDL-TR-66-113, Jan 
1967. 

8. Matlock RU "An evaluation of fatigue 
damage gauges." AIAA Paper 67-749, 


9. Haglage TL "The installation and 
operation of the Scratch Strain Gauge 
on a C-5A aircraft." AFFDL 
TM-70-6-FBR Nov. 1970. 

10. - "Fatigue load monitoring of 
military aircraft." AGARD-AR-2S-70, 
August 1970. 

11. Burnj A, Thompson JP, Wells GW "The 
development of a parametric method of 
measuring fin fatigue loads based on 
flight measurements on a Lightning Mk 
T5." RAE TR 76161, 1976. 

12. Ward AP "Investigation to determine 
the feasibility of establishing a nev 
operational fatigue life monitoring 
system for Service use." BAe Uarton 
Report 30N(P)182, 1978. 

13. Holford DM "Generation of load 
equations from flight parameters for 
use in fatigue life monitoring." RAE 
TR 81133, 1981. 

14. Ward AP "Tornado - Structural Usage 
Monitoring System (SUMS)" in 
AGARD-CP-375, 1984. 


15. Culp RL "F-16 Force Management - 
yesterday, today and tomorrow." in 
AGARD-CP-375, 1984. 

16. Johnson AH, Dubberly MJ "Navy 
operational loads data sources and 
systems." in AGARD-CP-375, 1984. 






2-1 


LE C(EFFiaENT DE SECURITE EN FATIGUE: 
CALCUL DU NIVEAU DE SECURTTE ASSOCIE 

V. Dchaye 

Division Maicriaux ct Structures 
Centre d’Essais Acronautique dcTouluu.se (CEAT) 
31056 Toulouse, France 


1. INTRODUCTION 

La tenue en fatigue d‘une structure d'avion ne se laisse que 
tr^s imparfaitement a^pr^hender par les calculs du 
concepteur. qu'il faut sans cesse recalcr et valider par dcs 
essais. 

Cest la raison d'etre des grands essais do fatigue realises 
alors que I'avion concemd est d^ja coustruit en sdric ct 
souvent meme ddjii operationnel. 

L'objectif principal d’un tel essai est dc connaitre par 
avance les ddfaillances suceptibies dc se produire, et de 
d^Hnir des actions preventives ou curatives pour les 
avions on service. Les informations foumics par I'cssai 
portent d'une part sur la zone concem6e et la nature du 
dommage, el d'autre part sur le nombre de cycles ou 
d'heures de vol k I'appariiion du dommage. 

L'exploitation de cette seconde information est ddlicate 
du fait de son caract^e fortement al6iloire. 

Cest li ce problime que iKius nous intdressons id. en 
essayant de r^pondre k dcs questions du type; "quel risque 
y a-t-il ^ laisser voler tel avion x heurcs?" ou: "Jusqu'a 
quand laisser voler cel avion avec un risque d'appariiion 
de tel dommage inf^rieur k 10*^ ?". 

Cette 6tude conceme done en premier lieu les avions 
justifies selon )e concept de "dur6e de vie sure" (safe-life), 
ce qui est )e cas dc la grande majority des avions de 
combat actuals. La m^thode pr6sent^e peut ccpendanl ctre 
utilis6o en dehors de ce concept; elle permet en particulicr 
de determiner une probabiliid d'amor^age d'une fissure, 
une probabilite de propagation sur une longueur fixec,... 
en fonciion des dispersions connues ou esiimees el des 
re$ultats d'essai; elle peut done eire uiilisde dans le cadre 
d'une justification en "tolerance aux dommages". 

2. CADRE DE L'ETUDE 

Consid^rons un type d'avion dans une utilisation donn6c 
(par example MIRAGE 2000 monoplace en defense 
a^ienne) dent un exemplaire en definition serie a subi un 
essai de fatigue. 

Un dommage D est apparu au cuurs de I'essai de fatigue, 
a|n^ Ne heures de vol simuldes. D peut eire une rupture, 
I'iniciation d'une fissute, une fissure de taille donndc,... 
tout type de dommage de fatigue. 

Ne est appeld durie de vie de la cellule d'essai (pour le 
dommage D considdr^). 

De m£me pour un avion A en utilisation op6rationnelle, 
nous q>pelons dtn^e de vie de I'avion A (nolde Q^) Ic 
nombre d'heures de vol de I'avion k I'apparition du 
dommage D consid^'d (en supposant qu'il soil maintenu 
en service assez longtemps). 

Le cafficiofit de sdcivitd (not^ K) a pour rok d'emp^hcr 
r a pperition de ce ckmunage; cet objcciif sera atteint si Qa 
est stfkrieur k Ne/K. I>ms le cas conuaire (Qa < Ng/K), il 
y atari echec. 

Le niveau de sdcurik peut toe quantify pv la probabiliid 
(fediec, (pri est la probability de Ttlvtoement Qa < Ne/K: 

P6chec*P(QA<NE/K) (D 

Four cakuler cette probabilRy, il nous faui ddlerminer ks 
lots tie probabitity des variidbles akatoires Ng ct QA' ct 


avanl ccla examiner les paramyircs qui conduiseni au 
caractcrc alcatoirc de la tenue en fatigue. 

3. PARAMETRES INFLUANT SUR LA TENUE 
EX FATIGUE 

De tr^s nomhreux parametres peuvent influer sur la tenue 
en fatigue d’un clement de structure. Il est possible de les 
regrouper dans deux ensembles distincis: d'une pan ceux 
lies au matcriau et a la icchnologie (tout ce qui se passe 
avant la iivraison de I’avion aux utilisateurs), et d'auire 
part ceux lies a I'utilisatton upyrationnelle (charges 
subics). 

3.1 Mutyriuu et technologic 

Les phynomtocs ce cette rubrique font qu'un yiyment de 
structure testy en laboratoire avec des conditions de 
chargement parfaitement dyfinies a une durye de vie 
aleatoire. 

Pour un avion A donny nous dyfinissons la durye de vie 
Na: nombre d’heures de vol a I'apparition du dommage D, 
cn supposant que cel avion ait ete chargd rigoureusement 
comme la cellule d’essai de fatigue. 

Nous supposerons que la variable aldaloire Na suit une 
loi iog-Normalc. c‘est-^-dirc que la variable X^logN suit 
anc loi Normale (ou loi de GAUSS). Celle hypolhese, 
gynyralemeni admise, peut etre justifide de diverses 
manures non dytailldes ici. 

3.2 Utilisation opyratlonnelle 

La sdvyriiy des vols est libs variable: elle ddpend de la 
mission cffectuyc. du piloie. de la configuration 
d’empori.... 

Pour quantifier ce phynomtoe. une autre durde de vie 
(purement thdorique) d'un avion A est ddfinie: Pa csl le 
rmmbrc d'heures de vol a rapparition du dommage D, en 
^mpposanl que la sculc source d’inccrUtude dans la tenue en 
fatigue soil lide a I'utilisalion opdrationnelle. C'est-i-dire 
cn suppo.sant que. si les charges subies dlaient 
parfaitement connues. la tenue en fatigue n'aurait pas de 
caracidre aldatoire. 

Ici encore, nous supposerons que la variable aldatoire Pa 
suit une loi log-Normale OugPA suit une loi de GAUSS). 
Des justifications peuvent etre lentdes; elks ne soni pas 
prdsentdes ici. 

3.3 BlUn 

Dans la rdalitd les deux sources d’incertitude ci-dessus se 
combinent, ct la durde de vie rdcllc d’un avion (apparition 
du dommage D) n’esl ni Na ni Pa; elle esl notde Qa- 
11 est aisd dc montrer que. si Na ct Pa suivent des lois de 
probability k>g-Normales, il en esl de mtoie pour Qa- 
Les notations des moyennes et dean-types sont ddnnies 
tinsi: 

Variabk aldatoire Moyenne Ecart-type 
log N m Q 

log P m’ o' 

log Q M I 

Les deux prcmidTes lois sont inddpendantes oitre dies. 
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La iroist^me est tr^ proche de la seconde: die r6suUe de 
la superposition 4 celle-ci des phdnom&nes al^aioires lids 
au matdriau et aux technologies dc fabrication. 

Nous pouvom ainsi nous convaincre que les moyenies 
m' et M sont dgales. et que I'dcart-type £ se ddduit dc a et 
& par la Tclalion: £2 » ^2 + (j’2. 

Ces rdsuUats se ddmontrent sans difficuUe. 

4. CALCUL DU NIVEAU DE SECURITE 

Nous sommes ntaintenant I tneme de calculer la 
probabilitd d’dchec. 

^dchcc 

= p (log - logNg < log K) 

La variable aldaioire (log - logNg), somme de deux 
variables aldaloires inddpendantes. suit une loi de 
probabilitd Normale. de moyenne (M-m) ct d'dcart-type 
(£2 + <j2)l/2 (a^itivitd des variances). 

Nous en ddduisont 

P^chec =f[ ] 

V j: 2 + a2 

ou F est la fonction dc repartition de la loi Normale 
Rdduite: 

F(x) =5 J /V^ dt 

En utilisant les relations M=m' ci £2 = o2 4. ^*2^ nous 
pouvons dcrire: * 



( 2 ) 

V 2 o 2 + a '2 



^utilisation opdraiionnelle du fait du suivi individuel qui 
permet de connaitre lc$ charges rdelles subies par chaque 
avion. 

La formule (3) nous permet de faire une premibre 
application numdrique: la littdreture donne gdndralement 
pour O dcs valeurs conprtses entre 0.1 et 0,15. 

Lc niveau de sdeuritd coirespondant. pour le coefficient de 
sdcuriid K=3 classiquement reienu dans le cas du suivi 
indiduel, est P6chec=^-10'^ it 1,2.10'^. 

En Tabsence d'dldmeni pcimeuanl d'apprdcier la valeur de 
O, i) convieni de prendre la valeur conservative de 
0.15.Nous retiendrons done que /e suivi individuet par 
cedcul d'endommagemeni conduit a un niveau de sicuriU 
de (probabiUtd que le donunage k dviter se produise 
sur un avion donnd avant la limite de vie fixde). 

Remarque sur la notion d'endommagement calcuU 

L'^endommagement** rdel est la grandeur croissante dgale 
a 1 pour la durde de vie moyenne sous le chargement 
considdrd. Aucune mdthode dc calcul ne permet d’acedder 
suremem a ceiie grandeur. Nous faisons lltypothdse que 
I'cndommagement calculd donne I'endommagement rdel k 
une constante multiplicative prds, et que lorsque des 
informations font defaut pour le calcul celui-ci est mend 
de fa^on conservative. 

6. CAS DE L’ABSENCE DE SUIVI 

Lursqu’une structure est justifide "Safe-Life** et que la 
flotie ne fait pas I'objet dun suivi individuel par calcul 
d'endommagement, le ccefncieni de sdeuritd adoptd est 
classiquement de S. 

Le graphique ci-dcssous donne le niveau de sdeuritd 
corrcspondani (P(tchec)> fonction des paramdtres 
et O', pour 0 = 0,15. 


T 


•K est le ccefficient de sdcuhtd. 

*m-m’ caraetdrise Tdcart entre Tutilisation simulde cn 
essai et {'utilisation opdrationnelle rdelle moyenne, 

• O caraetdrise la dispersion due k I'claboraiion de 
I'dldment considdrd (matdriau, tcchnologie. ...), 

«0' caraetdrise la dispersion dc rutilisation 
opdrationnelle. 

Dans le cas gdndtal m. m\ O el o’ soni inconnus. La 
relation (2) peul cependani fournir de prdcieuses 
informitioiu dans les diffdrents cas dc suivi d'une flotte. 

5. CAS DU SUIVI INDIVIDUEL PAR CALCUL 
D'ENDOMMAGEMENT 

Nous nous plafons ici dans le cas ou I'avion A esi dquipd 
d'un enregistreur de bord pcrmettani de calculer 
VeiKioinmagemeni dans la zone dtudidc de chacune de ses 
heures de vol (voir remarque ci-dessous). 

Dans ce cas I'avion est gdrd en endommagemeni; les 
’’^irdes de vie" ne soni pas exprimdes en heures de vol 
mail en endommagemeni cumuld. et compardes I 
I'endommagement de la cellule d'essai de fatigue. La 
fotmute (2) s'api^ique done pas directement 
Le calcul de la probabilitd d’dchec i partir des 
endommagements conduit au rdsulut suivanl: 

P«iec=Fl lo*K/or>/J ] (3) 

En comparant ce rdsuliat avee la fonnule (2), nous 
conatasons tpie ka termea en (m-m') et O' oni diaparus: 
celt a'explM^ pet le fail qu'il n'y a phis <rmoertitiide sur 


i 
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AHn de situcr la zone du graphique sucepliblc d'etre 
concern^, quelqucs exemples tir£s des flotles fran^aises 
ayant fait ou faisanl I’objet d'un suivi individuel soni 
donnas. 

Les valcurs calcul^es pour Ics floites "FOUGA", 
"MIRAGE ni E" el "MIRAGE V F" sonl peu significatives 
car calculees sur un faible nombre davions et sur unc 
ann^e seulement. 

Les valeurs les plus significatives soni celles dcs flotics 
dc Ddfense Afiricnne "MIRAGE FI" ei ‘MIRAGE KUHV. 
et la flotte de la Force Adrienne Taclique "JAGUAR": O' 
esi compris dans la plage 0,05-0,08. 

Pour les avions "ALPHAJET" des Ecoles la valeur dc O' 
esi 0,1. dc meme que pour Ics "BREGUET ATLANTIC dc 
la Marine. 

La zone "active" du graphique est done ddlimitde cn 
abscisse (valeur de O') par rintcrvalle (0.05-0,1). 
L'ordonnde Rm mesure la representativite dc Tessai dc 
fatigue: par exemple Rfn=2 signific que te chargcmcni cn 
essai cst irop peu sdvcrc par rapport a Tutilisation 
moyenne de la flotte, d'un factcur 2 sur Ics durccs dc vie 
(soil d'environ 15% sur les charges appliquccs). 

Nous pouvons ainsi conclurc que Ic factcur 5 conduit 
dans le cas gdndral k un niveau de sdcuritd (Pechcc) 
equivalent It celui obtenu dans le cas du suivi individuel 
(10~^). k la condition que le chargemeni appliqud en essai 
soil dquivaicni avec unc incertitude dc 10% aux charges 
rdellcs subies cn moyenne par la flotte. 

7. CAS DU SUIVI STATISTIQUE 

11 y a suivi statislique lorsqu'une partie de la flotte (n 
avions) cst dquipde d'un systime dc suivi permettant un 
calcul d'endommagement (voir au §5 Ics hypotheses 
faites sur rendommagement calculd). 

La majeur panic de la flotte n'^tant pas dquipde, le suivi 
se fail en heures de vol. 

11 est alors possible dans certains cas de calculer un 
coefficient de sdcuritd K moins pdnalisant que 5 et 
conduisant au meme niveau dc sdcuritd (10'^) que dans le 
cas du suivi individuel (cas du $5). 

En effet, les enregistrements effectuds sur les n avions 
dquipds permettent de calculer un dcarl-type O' et une 
moyenne m-m' a intdgrer dans la formule (2), aprds avoir 
pris une marge de sdcuritd du fait du nombre limitd 
d'avions dquipds. 

L'enchamement des calculs n'est pas donnd ici; il fail 
appel aux lois de STUDENT-FISHER (pour la moyenne) ct 
de PEARSON (pour rdcart-type). qui quaniificnt Ics 
marges de sdcuritd k prendre en fonction du nombre n 
d'avions dquipds et du "degrds de conflance" rccherchd. 
Voici le rdsultat obtenu: 

K>K]xK2 avec logKt=m-mn et 

log IC 2 = F-'lP&hecl-V+n a„2/x2 + —^ 0„ 

Vn-I 

. esi la fonction inverse de la fonction F du f4 
(fonction de rdpartition de la loi normale rdduiteX 
. P^chec ^ nivem de sdcuritd rechcrchd. 

. n est le nombre d'avions dqutp^, 

. (Td est rdcart-iype calculd sur ces n avions, 

. m-flin est la moyenne calotlde sur ces n avions, 

. t est )e caffkient de STUDENT-FISHER. 

. est le ccefTicient de PEARSON. 


de sdcuritd rechcrchd de 10'^, un degrd de conBance de 
90% ct <T ^ 0.15; 



Nous voyons apparaiire I'inldrct de cette methode: pour 

10 a 20 avions suivis ct un dcart-iype compris entre 0,05 
et 0.1 (cas Ic plus frdquent, voir §6), le ccefficient K2 
compris entre 3.2 et 4.3. Ces valeurs soni k comparer au 
cccfncicnt 3 du suivi individuel. 

ft. SI PLUSIEURS ESSAIS SONT REALISES 

Un scul essai de fatigue est en gdndral rdalisd, et un seui 
rdsultat est disponible. C'est ce qui a etd supposd dans 
tout ce qui precede. 

11 peut cependant arriver que plusieurs rdsultats soieni 
disponibles: si plusieurs cssais identiques ont dtd 
rdalises. ou si I'dprouvette et le chargemeni prdsentent 
unc symdtrie. ce qui est frdquent (par exemple demi- 
voilures droile cl gauche sur un essai d'ensemble). 
L'incertiiudc conccmanl le rdsultat de I'essai est alors 

rdduitc. cc qui doit permettre de rdduire le cafficient de 
sdcuritd tout en maintenani le meme niveau de sdcuritd. 

Si n rdsultats d'essai sont disponibles, nous prendront 
pour Ng (durdc de vie en essai) la moyenne logarithmique 
de ces n valcurs; I’dcart-type de la loi de probabilitd 
Normale suivic par logNg n'est plus O mais Olv}^, et la 
formule (2) devient; 

V (l + l/n)o2 + (j-2 

Pour assurer un meme niveau de sdcuritd (Pdchec 
constant), ic ernfficient de sdcuritd K sera d'auiam plus 
faible que n sera grand. 

Dans Ic cas du suivi individuel, avec P dchec~^^'^ 
0^.15. K cst donnd par la courbe suivante: 



La ddtermtnation de K 2 peut se faire dc fa^ simple 
iqpfte med d'un abaque. Vmci cehti obtenu pour un niveau 
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Pour iis2 (deux rdsuluts d'essai dispcuiibiesX Kb 2,6 soil 
uft gain de potentiel pour les aviuns en service dc 1S% 
(par r^)port k K^S). 

Pour its3. te gain est de 22%. 

9. QUEL NIVEAU DE SECURITE EST 

acceptable 

Nous nous limitons aux avions de combat, et 
^videmment au "temps de paix". 

Plafons nous dans le cas le plus critique, celui ob le 
dommage D consid^r^ est une rupture soudatne et 
"cttastrophique" (perte de Vavion). Quelle probability 
peut-on accepter pour cet yv^nement? 

Dans la ryality, les causes de perte d'avions de combat 
sont essentieliement le facteur humain, parfois la panne 
moteur, et de tonps It autre un autre probiyme technique. 

Les p^tes lides au vieillissement ytant marginalcs. le 
risque ddpend peu de I'age de I'avion ei de ce fail se mesuie 
en 10'^ par heure de vol; le taux le plus souvent reconnu 
pour les avions de combat est 10*^ par heure de vol fun 
avion p^u pour 10 (KX) heures de vol). Cette valeur csi 
bien sur k prendre avec prycaution car ires variable d'unc 
flotte k I'auire, d'un utilisateur k Tautre, ... 

En ce qui conceme notre dommage D. sa probability 
d'occurence par heure de vol n'est pas constante, mais 
augmente tout au long de la vie de Tavion. Voici 
ryvolution obienue dans tc cas du suivi individuel. pour 
tJsO.l et 0.15 et Nes 15 000 heures ("durye de vie en 
essai"): 



Dans le cas 0^0,15 I'application du ccefricient 3 conduit 
k un risque au cotvs de la demibre heure de vol (risque 
mixtiTHun) de 3.10’^ (poim de la courbe correspondam a 
Ng /3s 5000 H). L’applicatkm d'un coefricieni 2 conduit 
k un risque de 1.7. 10*^. 

Ces rdtultats ddpendenis de- Ng et de O; le graphique ci- 
dcsMws dome le risque au cours de la demibre heure de vol 
ea foQction de Ng. dans le ces du suivi individuel. avec 
crefficimt 3 ei pow ei 0,15: 



Nous constatons que le risque est d'autant plus grand que 
le dommage esi apparu tot en essai (]*heure de vol est une 
quantile plus “signincative"). 

Dans mus les cas, le risque au cotvs de la demiere heure de 
vol peut etre considdry comme acceptable en comparaison 
du taux de 10*^ city plus haul. Rappelons que nous nous 
sommes placy dans le cas extryme ou le dommage D 
conduit k coup sur a la perte de I'avion. 

10. FLOTTES FRANCAISES 

Les principales floues ftan^aises sont suivies en fatigue 
par calcu) d'endommagement individuel. pour tous les 
avions et toutes les heures dc vol: MIRAGE 20(X). 
MIRAGE FI. JAGUAR, ALPHAJET. MIRAGE IV.... 

Les auires flottes ont fail I'objei pour la plupart de 
mesures en service pendant plusieurs annyes. et il a yty 
estimy qu’un suivi individuel n'yiaii pas nycessaire. 

Les avions embarquys sur porte-avion font exception; la 
raison essentielle est qu'un calcul d’endommagement 
fiable nycessite pour ces Doties I’enregistremenl des 
charges subies au caiapultage ei k I'appontage, ce qui 
complique le systemc k meitre en oeuvre. Des yiudes de 
vieillissement de ces flottes sont en cours. avec 
campagnes de mesure en utilisation opyrationnelle, 
essais de fatigue. ... 

Pour les flottes "icncstres" au contraire. I'enregistremeni 
du facteur de charge el des informations sur la duiye du voL 
le carburant et les charges emportyes, la mission 
cffeciuye.... permcitenl de faire un calcul 
d’endommagemeni acceptable dans les zones les plus 
critiques (proches de la liaison voilure-fuselage). 

Un systkme de suivi plus complexe que 
I'accyiytocompteur a yti rycemment dyveloppy (le 
MICRO-5PEES). el yquipera les avions MIRAGE 2(X)0'D. 
Ce ^yslkme permet renregistremeni de 8 ptfamytres 
analogiques (et 8 discrets) et posskde une logique de 
conccniraiion de dormyes qui lui dome une atuonomie 
consyquenie pour un cncombremeni yqutvalem k celui d'un 
accyiyrocompieur. II est ygaJemmi utUisy poncuiellemeni 
pmiT des campagnes de mesure. 

Pour Tavion de oombei fiitiir RAFALE, la fonetkm de 
calcul d'endommagemmt sera probablemait int^rde au 
calculateur de bord. Cheque avion calcukn lunsi an lempa 
rde! ou lygkremeni diffdry son endommagemeai en 
diffyrenu points de la stnicture, en foncuon des 
paramktres du vol (altitude, viicsaea. acefidrttions, masse 
instantanye, incidence, braqusges de gouveme, ...). 





11. CONCLUSION 


Une estimttion du "niveau de $dcuri(^" correspondant a 
un cafficiem de s^curU^ en fatigue esi possible de fa^n 
simple. 

La m€Uiode propose, en pennettant de calculer le 
cceflicient de s^curitd correap^ant I un objectif donn< 
en fonctitMi de la mdthode de suivi, montre en particuUer 
rintdrtt que peut presenter le suivi statistique d‘une flotte. 

Aocune mdthode de calcul ne doit ^videmment cue 
considdrde coniine une rigle absolue pour fixer tes marges 
de sdcuritd en fatigue; le calcul ne fait qu*ai^>orter un 
dldment de decision. D'aucres 61dments essemiels 
interviennent dans la d^ision. et en premier lieu les 
contraimes dconomiques et opdrationnelles. 

De plus certains param^tres ne sent pas pris en compte 
par la mdihode exposde. Par example, si I'essai de fatigue 
est rdaltsd avec un avion retire du service apris de 
nombreuses heures de vol. le gain en reprdsentativitd de 
I'essai est considerable par rapport au cas ou I’essai est 
realise avec une cellule neuve (prise en compte des 
aspects corrosion, dommages de maintenance. .... 
vieillissement reel des structures en operation). La 
methode ne prend pas non plus en compte les recalages 
possibly torsque des dommages identiques af^araissem 
en essai d’une part et en service sur les avions les plus 
ages d'autre part (mesure de la representativite du 
chargement applique en essai d'aprfcs les dommages et leur 
date d apparition, estimation d'une dispersion sur les 
avions en service. 

Le Service Officiel charge de fixer les marges de securiie 
en fatigue a. cas par cas. I faire un compromis en fonclion 
des contraintes et des informations dont il dispose. 
Parmts ces informations il est indispensable que figure 
une estimation, meme imparfaite. du "ruveau de sdeurite" 
correspondant k un cafftcient. 
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ABSTRACT 

The fatigue limit slate is the governing limit state for an 
aging alr-trame. The trend of operating air-crafts longer 
than their originally planned life, calls for extensive testing 
and InspCrTtion. Current practice is to base decisions with 
respect to inspections and repair on the durability and dam¬ 
age tolerance methodologies. These procedures make little 
use of probabilistic methods. The paper addresses the same 
basic problems based on similar fundamental models. The 
formulations are, however, casted into a probabilistic for¬ 
mat. In particular the possibilities of incorporating new in- 
service information based on e g. inspection results or load 
measurements in updating the reiiabiiity Is discussed and 
demonstrated. The advantage of this formulation is Illus¬ 
trated by some examples. Some comments are made on 
r>eceaaary future research that would be necessary to fully 
utilize the capabilities of probabilistic methods. 


INTRODUCTION 

The development of the theory of structural reliability has a 
history of some 50 to 60 years, e.g Mayernd26) proposed 
design based on mean and variance of random variables. 
Most of the early work in structural reliability appears in 
retrospect to have been largely ignored by later research 
until rreudenlh8l(1947) presented the fundamental problems 
of structural reliability of a member under random variable 
load; his contribution was the first to evoke acceptance 
among structural engineers. Corneil(1967) suggested the 
use of second-moment format, e.g. mean values, standard 
deviations and a measure of dependency. Llnd<1973) 
showed that the Cornetl's safety index requirement could be 
used to derive a set of safety factors on load and resis¬ 
tances. This work therefore represents the practical link of 
structural reliability to practical acceptable methods ot 
design. Today this is taken to the level of code optimization 
(Ravindra and Lind. 19/3). Most design codes developed 
today have beeri through some formal code calibration or 
code optimization process, see e g Tvedt et al (1991). 

The development of dedicated software for solving struc¬ 
tural retiabitity problems seems to have started in 1975. see 
e g H^or (19/9). The pi<y»cedures used were documented in 
guideline reports (CEB. 1976. CiRiA. 1977. CSA 1981). 
Today atveral genaraf purpoaa atruclural reliabHtty aoftware 
products are avaHatHa. e.o Tvedt (1988). A modem ganaref 
purpoaa structural reNabHity aoRware mcludet a number of 
dediceted anatyticei and tfmulaUon matbods to effectfvety 
caloMia the small probebiMlei of structural faHure, 
togathar with distribution matbods to calculata lbs fuN dlstn- 
butfon of e.g. rssponss qusntRlss. Quite general matbo<to 
fer updating tbe reiiabiiity baead on In-aervioa obaarvations 
t'f tfia structural parformance Hba Inspactions are alao svsH- 
abie. 

ill the marina industries probebHWic msCbods are used 
directly both for design purpoass and inapsctlon planning, 
and guidelines for uas of tbs m a t bo ds art dsveiopad. see 
Torbaug et^l.(i99l) artd OWevsen and Madtan (1889). In 
particular tba madiods have gamed accaptanca during ibe 
laet few yeers. e.g in ibe North See moet ofNbore Jacket 
(frame) structures have their ms pe cSo n ptens developed on 
dkect use of probebHfsSc models mdudmo dsscript i on of 
the unosdamset m ms sr w lr on me nt, tbs giobef re sp onss 
sneiyeis. the locel ibees analysie. tbs faiigus strength 
aneRdfei and tba uncertainly m the map ect ion reauRs. aae 
e.g. Sk|ong and Torbaug(1881), Madssn at al (1988) and 
M td sen etei 0887). The miaresi m impraved mepee tt on 


programs and ntelhods for evaluating structural reliability in 
order to possibly extend the in-service life has to some 
extend been initiated by the need* in the industry to use 
existing structures longer then their anticipated design life. 
Similarly, the trend over the past decades has been to 
operate air-crafts longer than their originally planed life. 
Continuing service requires extensive analysis and testing to 
establish airframe inspection and modification action 
required to ensure the desired new design life. 

The present durability and damage tolerance design 
requirements are based on fatigue crack growth prediction 
laws subjected to predefined load spectra extracted from 
real measured load spectra. The durability and damage 
tolerance requirements assume the existence of a fixed 
deterministic crack size in the structural details after fabri¬ 
cation. The in-service inspection requirements are than 
established from further assumptions on deterministic crack 
growth rates using assumed loads spectra. These spectra 
depend to some extent on the utilization of the aircrati to 
reflect the difference in use of the individual aircrafts. The 
critical crack Size is established deterministically from the 
design limit stress- 

As an alternative lo the above approaches the paper will 
address the problem of inspection planning (and possible 
tile extension) from a probabilistic viewpoint, see e g Vang 
and Manning (1980) (1989). The initial crack sizes and the 
crack growth laws parameters will be modeled as random, 
an attempt to illustrate the effect ol uncertainties in the load 
spectrum are made, inspection methods will also be 
modeled with its associated uncertainties in detection 
probabUitlet (for rKi-finds) or sizing urwertainties (when 
cracks are four)d). it can thus be demonstrated that proba¬ 
bilistic methocte represent a methodology where all aspects 
of the deterioration process are modeiad, and that In-servica 
inspection results can be accounted for. Trada-oR studies 
can therefore be made between ail parameters mfluancing 
the fatigue reiiabllliy of airframes. 

RELIABIUTY METHODS 

Urrcortaintles are always the main motivation for Inspec¬ 
tions. Uncertainties governing the fatigue limit state stems 
from uncertainties In the load predictions, the response 
anriysis/modats, the detail stress analysis and the mak.»rlai 
parameters. To treat aH uncartaintlas In a consistant way 
structural reiiabllliy models can be applied, see e.g Mad^Sii 
et.al.(1986). Thofl-Chrlstensen and Baker (1982). In a stnjc- 
turai raliabiDty formulation the tundamantai noUon Is tho 
limii state function (g(x)). the failure criterion, which divides 
the set of the random variables x into the failure set (g(x)<0) 
and the safe set (9(x)>0). see Figure ^ for ittustration. The 
safety Is assured by requiring that the (uobabilfty content of 
the failure set is less than a some given number. A 
correspondk^g reliability measure Is the reliabUHy >*idex 
.Iff » Here •kO is the standard normal diatrfbution. 

Fait convutar programs for calculating this probability, 
togathar with a dch variety of Importance .aaa kiMd- 
aarK19B7). arul aansitivity measure are avaMbla, t.g. Tvedt 
<18^ The parametric sensitfvHy paramalart indudat eueh 
meesures as dfi/dt, where r can be any dMrtbutkm param- 
elar of the random varfabias r (e.9 maan vMuaa. s tandard 
daviations. cotreiailons) or a fined/ d ets m Un lB dc varlabla. 
Thti Is an Important property of tha FIral Ordar RaNabWIy 
Me th o ds fFOH^ which are the mathodi ol pprticulpr tmpbr- 
tanee In rsaouroe allocation mod eit and trada^ stu dlis. 
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updating 

In ihe same way as ihe limit stale cepfesent the failure cri¬ 
terion ti is possible to represent observations as events, 
represented by. />,(*)* 0 or n,(*)= 0 . Such observation may 
represent inspections where cracks are not found, a crack is 
observed or load and response measurements. The 
updated reliability can then be calculated by use of Bayes 
theorem, see Figures 2 and 3. In then case of inequality 
events (e.g. no cracks are detected): 

P(S(a)'_Onn,{jo^O) 

Plot*)- 0 0) « • -— 0> 

P(h.(*)<0) 

That IS the intersection of the "failure' and the "observation" 
divided by the probability of the observation". The nufn«-a- 
tor are thus calculated as an intersection or parallel system 
And in the case of equality events (e.g. given crack si 2 e is 
observed) 


-0 t'(Ji) 0) 


PigiK)- 0 \n.(K)- -) 


P{h(x)- M) 


t 2 ) 





Fifiv* 1 : Flrat and SdCM Oftfgr WUrtty (FOMM/SOAM) 
fwatliMia inMiafofNia tfia liMfo ata^ipviic iMHaWM kttd $ 
apaca o# atanAvd w a n wi aartafclaa No approaboatlaa N 
motfa in tho I r owa fow iot t n. For FOAM Mt f ronaf or w od 
Frata aapaa aa^toato^k la opi^pr^ndt^toaota 
a F gp aiF lawo and in SOAK by o toaoiwi OtNar oortoco. TO# 

any bi Nio fOiaro tot 


where the partial derivatives are derived at 0-0. Such 
events may represent cracks found and measured at cerlain 
times or loads measured during a time interval. These for¬ 
mulas are easily generalized to updatirtg conditioried on a 
number of observations of < type artd a number of observa¬ 
tions of equality type. The equality constraints are calcu¬ 
lated from the sensitivity factors for intersections, see 
Hohenbicheier and Rackwitz (1988). Tvedt (1989). 



Figure 2: First arnf Second Order ReliebWty (FORM/SORM) 
methods used for rettebitity updeting. The proWem reduces 
to cetcvlating retiebUities of intersections end in the cess 
of equelity constreints the problem reduces to the prob¬ 
lem of calculeting sensitivities on in t er s ections. 


Probabilistic models for durability analysis. 

OurabHtty may be considered as a quantitative measure of 
the structures resistance to fatigue cracking under specific 
service conditions- The dm ability of a structure is usuativ 
concerried with sub-critical cracks which may cause func¬ 
tional impairment (e.g. fuel leakage, linament breakage, loss 
of cabin pressure, etc.), and adversely affect the operational 
readiness and mainlenarice repair costs of airframes. These 
cracks are generally smaller than can be found with Non- 
Oestructive Inspection (NOD techniques (e.g. cracks smaller 
than 1.27 mm/0.08 in.); thus the durability life is often con¬ 
sidered to be equivalent to the crack initiation life. 

For aluminum fastener hole specimens, subiect to a fighter 
plane toad spectra, extensive tractograhc results indicate 
that m the small crack region, the crack growth equation 
can be expressed ss 


cfa(f) 


= Oa^ff) 


(3) 


where ad) is the crack size at r night hours, and O and b 
are crack growth pararrreters. and e.g Yar>g and 
Donath(1983>. aee Figure 4a for ittustration. Taking me log¬ 
arithms on both sides one obtains 
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Straight lines are (ilted &y Maximum likelihood estimates to 
the individual experiments, see Figure 4b. This gives O and 
b and then obtaining a„ = a(0) liom Equation 3. using 
backward integration. Joint statistics tor the tree parameters 
can thus be established, see example below. 



FiSure 3: lUuttration of roliability updating. By the updating 
urMkaty outcomM are excluded by inclusion of new infor¬ 
mation. 




The limit state function for the durabiHty model can now tM 
established as 

= a, ^ a(0 (6) 

where a« is the economte repair Hmit and a(f) can be found 
by aotving Eguation 3 

»(t).(tO(1 ;fof 0-1 (7) 

a(0 = expffO^^trtfa,,}) :for (8^ 


Example 

The failure is defined to be when the crack size reaches the 
economic repair limit a,-1.27 mm. The initial crack size dis¬ 
tribution and the distribution of the crack growth parame¬ 
ters 0 and b are established from the crack gro«^ data 
from the “Fastener Hole Ouality ' program. Noronha et. al. 
<1978). From this reference, the data termed “wfl* and 
‘wwlp**. shown in Figure 4a. have been used to represent the 
critical points analyzed. Standard tests gave the best fit by 
a Weibuti distimution fnr the initial crack size and Normal 
distribution tor the crack growth parameters 0 and b, see 
Figure 5. 

^ ;(*- ,)'''exp-^(x--j)^ (9) 

with 

,, + .'“'''( 1 ( 1 + 2 / 

With the parameters 03239 mm ,<r=s0.03244 mm. 

0) . see Figure 5. The other two random variables are 
defined fhrou-^^h the data by 


NM - -- e-' 

(10) 



QcN{2.B6 10 ^5.56 10“^ 

(11) 

56^(1.03 ;0.0864) 

(12) 

,.[0.51 - 0.03 

(13) 


These random variables can be used as input to the dura¬ 
bility limit slate giving the reliability index as a function of 
time as shown in Figure 6. The parametric sensitivity factors 
can be used as follows. 

'n., .i' ('*) 

As Shown in Figure 6. for t ~ 4100 hours, the reliability is 
> ^ 4.0 The parametric sensitivity factor for the standard 
deviation of the initial crack size at r « 4100 hours, is 

't 

(/<M^ 104.25. Assuming that new observations result in 

the increase ot with 10%. the new reHabllity at time 
r - 4100 hours, is obtained as 

4.0 ■ 104,25(0.1 ■ 0.03244) = 3,66 

This shows that alt changes within reasonable limits may be 
calculated by hand. This example shows that an increased 
reduces the reliability, which lurther leads to an earlier 

*■> 

required inspection. 

ProbabHistic damage tolerance analysis. 

Damage tolerance is concerned with the safety and reliabil¬ 
ity of the sifuciure rather than the economics of its opera¬ 
tion. Damage tolerance life can be thought of as life of the 
structure from crack initiation until final fracture. In airframe 
design, crack initiation is defined to be the point when the 
crack reaches an inspectabie crack length, and failure is 
defined to be when the crack reaches the critical crack size 
Since the cracks of concern in the damage tolerance life are 
by definitiv'n of inspectabie size, inspections during the ser¬ 
vice life may be used to ensure that the damage tolerance 
requirements are met 

The advantage ot being able to quantity the fatigue dam¬ 
age accumulation in airframes using fracture mechanics 
methodology have resulted in USAF’s military specifications 
dining durabtifty and damage loierarrce requirements in 
terms of crack propagation charsctarfstics, see l.e. MIL-A- 
83444 (1974), MIL-STO-15O30A (1975). MIL-A-8866e(1975). 
MIL-A-66678<1975). MH.-A-87221(1986). Current fatigue 
tf eefgn specificatton ragufras that adverse cracking should 
r>ol occur wfthin the two lifetimes of me airframe for apaci- 
had uaaga and anvfronmant. The initial flaw size aseump- 
tione are given in spacffications for e determinisrfc anatys^. 
The inharani reflabfflty resulting fr«Mn thasa rsqui'amants ara 
not known. 

Major unrartaintles can ba found in the initisi fatigue quality 
estimates of the structursi matahal. load spetnrum varls- 
tions, geomatrfc affacts. inaccurate prediction*; of crack 
growth, critical stress inlantity factors and inspection quai- 
ity. Thasa uncadaintlas can be considarad in a probabffiatic 
analysis. 
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.Results from fitting the data 

- Normal distribution fit 



Parameter 'Q' in the crack prop eq 


.Results from fitting the data 

— Normal distribution fit 



Parameter b' in the . .«.ck prop eq 

Fiyure 5: Fitted dittrlbutiom for tfio durobWty motfols; ini- 
tMl crack cizo. a . and crack 9 rowtfi paramotora Q and 0. 

Numerous fatigue crack growth models have been proposed 
in the literature to describe the relationship between the 
crack growth Increment in a stress cycle da/dN and the 
stresa-intenaity rartge, In the present anatyses we have 
chosen the model propored by Johnson{198l). since this 
succwsfully models crack {irowth load interaction effects 
due to spectral loading This model, the socaUed Multi- 
Parameter Yield Zone model, accounts for crack growth 
retardation, accaiaration and u ider-k>ad effects. The load 
interactions are attributed to residual stress intensity due to 
the plastic deformadon at the crack tip. The model is baaed 
on a sHghtfy modification of the Forman crack propagation 
modil> see Forman et.aKi967) and modificaiions of the WM- 
lenborg retardation model, see Wiiienborg et.ai (1971). The 
crack size increment in one stress cycle is 

A/c; 

Aa. * C- (15) 

where m,=.l at ^.*">1 . and m ,*2 at 



Flight time t (hours) 



Flight time t (hours) 

Figure 6: Results from tha durability limit state, included 
are also the importance factors as given by a FORM. 

For details ot the model, relerence is given to John* 
son(1981|. The limit state function is now expressed as 

gU) = - aiN) (16) 

is the critical crack size and a{N) is the crack size after N 
cycles. a{N) can be estimated as 

s{N) r- a, * Vjva (17) 

The index < represents the »’ih stress cycle a, is the Initial 
crack size as estabiished/descnped under the durability 
analysis, except that it is as found by ihe regression ana¬ 
lyses al the time t ol the first inspection, l e r - 4100 hours, 
conditioned on the POD m the case of no ciack was found 
Further, 

AK r A.»,\ ra, seel-a, ,/?w) (18) 

where A<t is the stress range and w is the haH specimen 
width. R* is a function of the pre^ous streM and crack 
propagation history. The summation over stress cycles thus 
starts at the time of the first inspection, where a^ has been 
updated conditioned on no crack found at tha first Inspec¬ 
tion. At the present stage we have not developed a random 
model for the load spectra. The loads are randomized for 
Illustrative purposes by sca^ '* the deterministic spectra by 
a random factor . Thus 

^ (1®) 

Mf repreaants tha uncertainty in transfenlng tha wing band¬ 
ing moment to stress at the faster^ hole, end is 

used in EQuation 15. 

The random vari&hfts in the model has thus bssn limNsd to; 
Sr* C. rt, and 










The limit state is therefore written as 

g(x) « g(N.ac.ar.C,nj(f^^) = ac-a(N,af.C,n^fjc^^) (20) 
In the case a crack is not found in an inspection at time N, 
with a measured load spectra the event margin repres^ting 
this no'find can be written as 

^ ( 21 ) 

where apQQ is the POO distribution or the distribution of the 
smallest detectable crack size, (see eg. Yang and 
Chen(i984)) and = x, represents a measured spectrum. 
The other variables are the same as in the failure even) 
represented by g(x). except that (he time is the time of 
inspection N^. The conditioned reliability can be calculated 
by Equation 1. 

When cracks are found, they are usually measured down to 
a certain tolerance. This even! can be formulated as 

h^(x) ^ g(N,.aQ.ar.C.n.Xf.x^=x,),h.{x)=0 (22) 

Sq is the measured crack size, which can be modeled as a 
stochastic variable because of the uncertainty in sizing the 
crack. The reliability updating can be performed using 
Equation 2. 

Example 

The load spectrum used in this example is a deterrninistic 
lighter toad spectrum with a peak stress ot 234 MPa (34 ksi) 
(365 different missions, total 400 flight hours and approxi* 
mately 33330 stress cycles), i.e x, and x, are assumed to be 
deterministic. The stochastic vanabtes are assumed bemg 
represented by 

a. W{,> 8 56 to - 7.51 10'^) 

C /VI4.626 10 9.C.O.V/-O.t) 

n /V(3.i;i.C.O.V. 01) 

[C.nl .0 

where all units are conditioned on crack Incremerits In 
meters. 

The TOO Is chosen as represented by a Welbull distribution 
with parameters a,^eW(i,-0.7 mm .n-0.2 mm, 0). see Fig. 
ure 7. The cjitical stress-intensity factor is taken as 
kj -■ SBMPa TTm and the critical crack slie as a^=5.06 mm 
10.2 in.). Crack growth curves, for different values of the 
stochastic variables are shown in Figure 8. 



Figure 7; POO - Distributleti. 


Assuming ihai no crack Is deteclad in the t inspection, 
r -A 100 hours (results Irom the durabfllty analyais) the (allure 
probability can than be calciilalad trom equation ( 1 ) 
(number of flight hours f ia now used ktatssd of number of 
atraea cyclea) 

p, - P(ggi><0|h,(a)<0) ( 23 ) 

where 

g(a) = Se - (24) 

es) 

Still using target retUbHity tndiaa (he 2. inwetlon 

»« be required at Hma f . 7350 mgm houra. The taMXWy 
inda* as a tuncHon ot lAa tkm la shomi in Flgutq «. 


no.t . •«=.> 
no.2 : k.=. 6 mm 
no.3 *.=.6 mm 
no.4 : d.s.S mm 
no.& : «,= .0 mm 


C=4-63. 10** n^3-8 

C=4.63 lO** ns3,j: 
frS.OO IC* n=3.3 
c=6.oo lo;;: n=4.o 
C=£).00 n=4,0 



Figure 8: Crack growth for different values of the Hiitial 
crack size and the crack growth parameters. 
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Figure 8: Reeidts from the duraWUty anelytto (r<4100 fHght 
hours) and the damage tolerance anelyi^ inchiding rette- 
bility updating based on no>flnd kt 1. irtspecUon. 

Two different outcomes of the 2. inspection are considered 
in the following; 

1) No cracks detectad In 2. Inspection; 

The failure probability for t > 7350 flight hours can be cal¬ 
culated as; 

Pf = P(g(x)<01h,(x)<0. h.-.(x)<0) (26) 

where 9 (x) and h, are given in equations 24 and 25 and 

h, a(f=7350.3r.C.n) - appp (27) 

The reliability index as a function of the time is shown in 
Figure 10. The 3. inspection Is al time r = 8800 flight hours 


Z) Creek Is detect e d ki 2. mepectlen. e^tbO.S mm; 

The feRure probebifity (or f > 7^0 flight hours can be cal- 
cuteted es; 

Pf - P(ff(*)<0|h,(j0<0. ftjW-O) (28) 

where g(x) and h, ere given m equetions 24 and 25 and 

hg = «(r-7350.e7^,C/i) - (29) 

The rekcbHity index es a function of the time is shown m 
Figure 11 The 3. inapectioii Is at time f * 7700 fiigm hours. 
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Figure 10: Reeults from the demage tolerance anaiytis 
(f >4100 flight hourt). including reMebiKty updating bated on 
no-find in 1 . and 2. Inepection. 
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Figure 11: Reeutte from the damage tolerance analyeie 
If>4i00 Wght hoiire), Including reHaWllty updating based on 
n^fmd m 1, In ep ection and creek la detected In 2. Inspec¬ 
tion, a0«e(f»F35O>-O.8 mm. 


ECONOMIC OE8IQN LIFE 

As can be seen from the preceding models the memodoiogy 
described so far can be used for inspection optimization in 
the sense that the optimal time to next inspection which 
maintains the reliability level can be derived as well as how 
tong the life can be extended wWi the same reiiabitity level. 
This is thus a highly relevani model for Inspection planning 
when information of the airframe integrity is coHected 
through inspections and load aurveys 
This model is however, of Isas interest at the design stage 
and when considering economic in-service life extension. 
The model for such decisions hss to bes quite differ^!. At 
the design stage the trade-off study has to be mede 
between design parameisrs Hhe plats and stiffeners 
thicknesses artd the coel of Inspeciiorts in service At the 
design stage no in-service inspection results are avaitabie 
and only exoectations on inapecfHin reauits can be calcu¬ 
lated The same consider ettont ere vahd when Hie cycle 
costs are comidered. AH possible results of future 
inspscSons can. however, be modstsd as pr ev io usl y 
dseerfbed. e.g. M edse n |i9tt». Strong tt.at |i9e». 

Fdr sxmnpis, ms beeic safely margins lor ths fsbgus ssnai- 
tfre dalai is wrHMn as. (Equations • and 30) 

M - d*(x(x)) - p(f,a,,ao.O^) (30) 

or 


(31) 


for lha damaga loMnmca and miraOWy Hfs. raapacmmiy. a 
is a hmdion of fta dHign voriabiMi a. 


if inspections are performed at times 7, and 7^ vnth no 
repair at time 7, and repair at T^, and 7, and Tj fail within 
the damage tolerance life, the safety margin for failure time 
t>T 2 is 


where is fhe crack size after repair, morfeled as a ran¬ 
dom variable and ^ measured load spectrum 

from time t, to 

The event margin corresponding to the event that a crack is 
found and repair Is performed at the first inspection 7, can 
be formulated as 

R .= giN,,a, .ar.C.rTjt,.x, 1 ^ 3 ) 


where a. is the smallest detectable crack size. 

Similarly, the event margin corresponding to the event that 
repair is performed at the 3’rd inspection (time 73 ) given 
repair at 7, and no repair at is written as 

Assuming that / inspections are performed at times 7, / 6 [f •(! 
the reliability index J for failure before f is 



•MT) = -e'’(P,(i); 

(35) 

where, for 0<f<T, 

P,(() , P(M(()<0) 

(36) 

and for 7 ,<f <72 



p,(i). Pf(r,)+P(M(T,)>Onfi>Onflo<i><0)- 

(37) 


P(M(r,)>OnR<OfV?,(f)<0) 

etc. for the paths in Figure 1 ? of repair realizations. From 
this the expected number of repairs can be calculated BlffJ. 



T^zO T, Tj Tj Tfc Tn TIME 

Figurw 13: Rapair raaNcatfons for tingla alamants. 0 
danetaa no repair whHt 1 danotaa rapalr. 

The resource allocation model is now formulated as 

f 

mlnC(t.q;r) - C,fe)+j:(C«« 7 ,) (38) 


+ C„f |B,|(1-.iPfir,., .7-,))/(Ur)' 


+ VCf(7',)iP.,(T._,,r,)/(Ur)’ 

sut>|«ctM) to the reliability constraint i(l)> the minimuin 
and ntaximuiTi time between inspections 
limttationt on Inspection quality Q^<Q,<0„,, and the limi- 
latlona on the design vartabw 

r la here the real rate of return and the cost functions are 
Initial coat C,(i)-C„ . Cm,(y-7„) (a function of the design 
vartaMa). the IntoacNon coal 0^(0.) which could be a func¬ 
tion at Itie inspactlon quality q,. lha repair cost Cn and the 

coal of Mure C,. 

ITie control yertoMae In «ie optMittatlon fonmilallon ter a 
(Mn doMgn (a) ere die tnepocMen Uniat Ml,/a ... , 1 ,) and 
Uia Inaua ct lo n qjaWaa »4q, q^ ■ ■. W pattonotng Uta 
o ptmt ma uon tor dWa r am m amaa wa auMian Ma aMn- 
aten can be found. ettampM of Mao ogMaltadan MiidM 
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reinains to be performed for airframes, examples fr<Hn 
offshore applications can be found in Skiong et.a.(1d89). 
The conclusions trom such studies can easily be 
transformed into optimum design life requirements, since the 
total life cycle costs are included in the tnodei. 

CONCLUSIONS 

• A probabilistic fatigue crack growth model has been 
formulated both for the durability and the damage 
tolerance limit states. 

• Methods for «eiiability updating during in-service has 
been demonstrated, giving the possibilities of optimiza¬ 
tion of inspection plans. 

• RetiabiliV methods provide a rationale for in service 
considerations of an aging airframe. 

•P Better uLlization of using probabilistic inspection plan¬ 
ing will require a random load model based on load 
measuremenis. 

• The developed models can be used in design to specify 
the design life requirement that leads to minimum life 
cycle costs. 

• Reliability analysis combined with a resource allocation 
technique provides data which are important lor 
reduced life cycle costs of an air-frame considering 
design, in-service inspection/repair and consequence 
costs of a possible failure. 
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SUMMARY 

The structural problems experienced by 
both military and commercial aging air¬ 
craft are described. The progr 2 uns that 
are in place in the US Air Force, the 
research that is being performed and the 
facilities that may be used to address 
the problem of aging aircraft are identi¬ 
fied. The use of one research product, 
the computer program PROF, describes how 
current technology can be used to predict 
damage in aging aircraft structures and 
the reliability of those structures. 

Areas where additional research is re¬ 
quired are identified and conclusions are 
drawn. 
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1. INTRODUCTION 

Aging aircraft is a growing problem in 
both military and cosmercial aviation. 
With the economics of keeping current 


military and civilian aircraft in ser¬ 
vice, and the growing demand for air 
travel worldwide, the problems of aging 
aircraft will continue to increase in 
in^ortancti. The purpose of this paper is 
to report on recent and ongoing USAF 
research that is applicable to aging 
aircraft, to demonstrate how the technol¬ 
ogy can be used to aid in the management 
of an aging aircraft fleet, and to iden¬ 
tify areas where more research is 
required. 

The problem of aircraft aging can be 
defined in a number of different ways. 
When addressed from a flight hours (or 
equivalent flight hours) perspective, an 
aging aircraft is an aircraft that is 
approaching its designed service life in 
terms of flight hours. From the stand¬ 
point of flight cycles, an aging aircraft 
is an aircraft that has sustained a cer¬ 
tain percentage of its designed ground- 
air-ground cycles (take-offs and land¬ 
ings) . From a structural damage stand¬ 
point, an aging Aircraft Td be defined 
as an aircraft that c.-ittaxns multiple 
site damage (MSD) • ^aracterized by the 
link-up of fatigue cracks. Looking at 
calend'ir age alone, an aging aircraft 
could be defined as an aircraft that has 
been in service for a certain number of 
’ears, independent of its actual usage. 

In any event, the criteria that is used 
to define aircraft aging is relatively 
unimportant. The in^ortant issue is that 
the structural strength properties of the 
aircraft are decreasing with time and 
usage and will continue to decrease if no 
action is taken. 

In a general sense, aging aircraft are 
characterized by the deteriorating 
strength properties of the structure, and 
the related problems and increasing costs 
of maintenance that result. Some of these 
problems are time related, such as corro¬ 
sion, which also depends heavily on the 
usage environment. Others are usage 
dependent, such as in fatigue cracking, 
which is naturally caused by the mechani¬ 
cal loads that are introduced into the 
structure. Most often, the damage state 
of an aircraft is the result of both time 
and usage. To maintain structural reli¬ 
ability, steps must be taken toward the 
prevention, detection, repair and predic¬ 
tion of the initiation and growth of 
aircraft structural damage. 

Three factors that have an effect on the 
problems associated with aircraft aging 
are the usage of the aircraft, the envi¬ 
ronment the aircraft is subjected to, and 
the inspection and maintenance practices 
of the maintenance personnel. Depending 
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on how an aircraft ia usad, the aircraft 
may have an expended life significantly 
different from what is predicted for that 
aircraft at that time. The single fact 
ia that aircraft are often not used the 
way they were intended to be used when 
they were designed and conmiaaioned into 
the fleet. The effect ia that an air¬ 
craft that ia used harder than expected 
will have a higher cumulative equivalent 
flight hours than expected. As a reault, 
that aircraft may have a higher damage 
state than is predicted, and may have a 
corresponding higher probedsility of fail¬ 
ure. 

Depending on where an aircraft is used, 
an aircraft will have corrosion problems 
indicative of the environment. This is 
moat prevalent for military and small 
airline aircraft. Military aircraft that 
are stationed near saltwater environments 
experience a higher degree of corrosion 
than other military aircraft. However, 
these military aircraft are probably the 
moat carefully monitored and cared for 
aircraft as far as corrosion is con¬ 
cerned. 

Through the requirements of the US Air 
force ^rcraft structural X<*tegrity pro¬ 
gram (ASIP)^^^, the inspection of military 
aircraft for structural damage and subse¬ 
quent repair are routinely performed at 
Air force Air Logistics Centers at pre¬ 
scribed usage intervals. These intervals 
occur when an aircraft experiences one 
half of the number of cycles that it 
takes a crack of a given size assumed to 
be present in the structure to grow to 
its critical length. After the aircraft 
is inspected, the damage that is detected 
is repaired. The damage state that is 
assumed to be present in the structure is 
then readjusted to correspond with the 
capability of the Inspection technique 
that was used. 

The prevention of structural damage prob¬ 
ably has the greatest payoff in the ares 
of corrosion. Generally, all surfaces of 
an aircraft that will come in contact 
with the environment are either painted 
or otherwise costed with corrosion inhib¬ 
iting materials. Materials that react 
corrosively when they contact each other 
are kept from making a good contact. 
Although these practices greatly decrease 
the areas s\ibjected to corrosion damage, 
corrosion still occurs due to the wearing 
or cracking of coatings exposing the bare 
metal to the environment. 


2. USAF AIRCBATT STRUCTtaM. IWTgSIUtX 
PROGRAM fA3IPl 

The US Air Force established the ^rcraft 
structural program <ASXP) in 

1959, ASIP provides for''>: 

1) establishing, evaluating and aubatan- 
tiating the structural integrity 
(strength, rigidity, damage tolerance, 
and durability) of alrframee, 2) the 
acquisition, evaluatlwi, and utilisation 
of operational aircraft ueage data for 
the continual aaaeaament of in-service 
integrity of individual aircraft, 3) 
providaa a baaia for datermining logia- 
tlea and forea planning requirsmenta, and 
4) providaa a b^la to i a pr o ve structural 
criteria and mathoda of deaign, evalaa- 


tion, and substantiation for future air¬ 
craft. The performance concept of the 
ASIP is a time-phased set of required 
actions performed during the life of an 
aircraft to ensure that the aircraft 
operational life is at least equal to its 
^sign life. The ASIP identifies auid 
schedules critical structural tests that 
are required during full scale develop¬ 
ment of a new aircraft. Thus the need 
for structural retrofit of large numbers 
of aircraft later in operational commamds 
la minimized. An orderly schedule of 
inspections, replacements, or repair 
actions is established to maintain the 
structural integrity of the airframe. 

The scheduling of these actions is deter¬ 
mined by damage tolerance and durability 
analyses using the flight loads and in¬ 
spection data associated with t^rce man¬ 
agement . 


2.1 Damage Tolerance Analysis 

For every fracture critical location in 
an airfreune, analyses have been performed 
for deterministically predicting the 
growth of initial fatigue cracks assusted 
to exist at these locations. These anal¬ 
yses require: 1) representative stress 
spectra from which flight by flight 
stress sequences can be derived, 2) 
stress intensity factor coefficients to 
account for differences in structural 
detail geometries, and 3) crack growth 
rates as a function of stress intensity 
factor. These data items can be used to 
predict crack growth versus time (spec¬ 
trum hours) relationships in the usage 
environment. These relationships, when 
coupled with the probability of detection 
(POD) curve for quantifying inspection 
capability in terms of a reliably detect¬ 
ed crack size, Stm# produce the curves 
from which the Air Force damage tolerance 
approach to establishing inspection in¬ 
tervals has been formulated, inspection 
is to be made at no later than half the 
time it will take a crack to grow to its 
critical sise. This process is illus¬ 
trated in Figure 1. 


2.2 Durability ApfljLyjj-g 

Durability is norvuilly defined in terms 
of the number of flight hours until 
cracking in the airframe iapairs the 
function of the structure. In the past, 
durability has been deterministically 
demonstrated by showing that a crack 
representative of the initial quality of 
the structure (e.g., 0.127 or 0.254 mm 
(0.005 or 0.010 inch)) will not grow to a 
functional iopairment siae (e.g., through 
the skin thickness or to an uneconomical 
rapair size) in two design lifetimes. A 
schematic of the deterministic durability 
abroach is shown in Figure 2. 

A stochastic approach to durability has 
recently been developed'** * In the sto¬ 
chastic approach, the initial quality of 
a structural element ia characterised in 
terms of an Equivalent XAitial Elaw E^se 
distribution (BIFSD). The BZFSO is ob¬ 
tained by conducting tests, collecting 
dsta and dstsrmining the distribution of 
times for a crack to rosoh a given refer¬ 
ence sise in a struetursl elsmant sub¬ 
jected to s specified losdlng history. 
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sixe distribution at any sarviea tiM. 
Durability is than based on the nuid>er of 
spectruB hours for low percentiles of 
the flaw size distribution to reach the 
functional i^pairsMnt size. A scheeatic 
of the stochastic durability approadb is 
shown in Figure 3. 

Further research is currently being per¬ 
formed on the stochastic durability ap¬ 
proach by the Flight Dynamics Directorate 
of the Wright Laboratory in conjunction 
with the Aluminum Company of America 
<Alcoa). In this research, two different 
qualities of 7050 aluminum plate are 
being investigated to determine the role 
material quality plays in the initial 
quality <BIFSD) and thus the durability 
of a structural element. At the same 
time, the stochastic durability approach 
is being evaluated and any needed 
i^rovements will be identified. 



SERVICE TIME 



T. 2T, 

SERVICE TIME 


Figur* 2. Decersinlstic Durability Approach 


this distribution of times is known as 
the XiM lo ^kck ifiitition <TTCX) dis¬ 
tribution. The TTCX distribution is then 
stochastically modeled backward in time 
to Obtain the flaw site distribution at 
time sero (BXra» . The IXFSD is then 
"grown* forward in time (using the same 
stochastic model) to determine the flaw 


Figure 3. Stochastic Durability Approach 


2.3 Force HanaWBTOt 

The Air Force collects two types of oper¬ 
ational usage data within the ASIP re¬ 
quirements for Force Managesmnt. These 
are Individual ^rcraft X^wcking (lAT) 
and icoads/^vironment Spectra Survey 
(L/BS5) data. The ZAT data are poten¬ 
tially useful in risk analyses because 
they provide a method for correlating the 
results of inspection feedback between 
aircraft of a fleet which may have been 
used differently. The L/B88 data can be 
used to verify and i^date the data of the 
magnitude of the stressea that the air¬ 
craft is expected to encounter. The ZAT 
and L/B88 data are collected and assem¬ 
bled under the jy.rcraft Sitructural Integ¬ 
rity Management Xn^^’rmation System 
(ASXNIS). A8ZIIIS is responsible for 
collecting and editing aircraft in-flight 
usage parameters from all U8 Air Force 
fleets world-wide. The information re¬ 
sulting from thia activity is the basis 
for A8ZP events. Approaimately 18 per¬ 
cent of the aircraft in ea^ fleet 
(fighter, bomber, cargo) have a multi- 
cbaanel fli^it r ec o r der installed on¬ 
board. Xn addition, all aisotdft is moms 
fleets have a notmel load factor ooe s ting 
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acc«l*roMt«r. The nmlti'Channel flight 
recorder provide* tiBe-hietories conaist* 
ing of 15 to 24 flight peraaeters (de* 
pending on the aircraft). Theae paraae- 
tera include airapeed, altitude, angle of 
attack, three axes' acceleration and 
rates, control surface deflection, out- 
aide air ten^rature, sink speed, and 
fuel flow. The data is categorixed by 
mission type and segaent. 

The existence and continuance of XSIT and 
in particular ASIMIS has resulted in a 
large source of information detailing how 
the US Air Force uses and oiaintains their 
aircraft. This information is of great 
value to the US Air Force and could be of 
help to the coaaercial carriers in solv¬ 
ing their aging aircraft problems. 


3- Ua. MB FORCE RESOURCES FOR ADDRESSING 
AGING AIRCRAFT PROBtEMS 

This section gives an overview of the 
facilities that the Wright Laboratory has 
to perform testing to address aging air¬ 
craft problems, the applicable research 
that has been and is being performed, and 
the analytical tools that are available 
to address aging aircraft issues. 


3-1 Analysis Capability Specifically for 
Aqino Aircraft 

Recent research has been performed to 
specifically inyestigate the problems 
that aging aircraft experience. Among 
this research, a computer program named 
PROF <PBobability Qf £racture) was de¬ 
veloped by the University of Dayton Re¬ 
search Institute under contract to the US 
Air Force. PROF is a VAX-based coo^uter 
program written in FORTRAN. PROF is 
capable of determining the probability of 
fracture of a single aircraft or of any 
aircraft in a fleet that is subjected to 
a given usage. Inspection capabilities 
and intervals can be manipulated to yield 
the optimum inspection schedule for the 
specific aircraft or the fleet. PROF 
accounts for cracking in a metallic air¬ 
craft structure, and accounts for a dis¬ 
tribution of crack sizes that may exist 
in a structural detail. PROF does not 
account for any corrosion or multiple 
site damage (interaction) effects. 

Another FORTRAN based counter program^** 
has been developed which predicts the 
corrosion damage at various locations of 
interest on a USAF C-5A aircraft. This 
program aakea use of environmental fac¬ 
tors and the amount of time the aircraft 
spent at different Air Force Bases. The 
program produces recommended times for 
inspection and maintenance based on the 
time it takes for a crack to grow to half 
its critical length, the length of time 
it will take for an alloy to corrode to a 
depth of 0.0762 am (.003 incte), and the 
optimum time for the scheduling of the 
next paint renewal. 


3.2 Othar mtmm to 

thla section gives an overview of other 
areas of research that may be applicAle 
to aging aircraft. The main benefits 


from this research is targeted for other 
technical areas, however. 


3.2.1 Smart Structures 

The concept of a smart aerospace struc¬ 
ture is an aircraft that is capable of 
the real-time detection and analysis of 
damage that is present in the aircraft 
structure. Continuing research is being 
performed in areas that can have direct 
ifq>act on aging aircraft. Acoustic ^xis- 
sion (AB) techniques of determining the 
presence of structural damage are being 
pursued by military and civil aircraft 
researchers. jPhysical ^oustics 
Corporation (PAC) of Princeton, NJ, is 
the leader in the field of using AE tech¬ 
niques for both coBOftercial and military 
aircraft. For commercial aircraft, PAC 
has instrumented a Boeing 720B and a 707. 
Cracks were found on both Boeing aircraft 
using the AE techniques, including cracks 
that were missed when inspected 1,000 
flight hours earlier. The tests on the 
Boeing aircraft took one hour to perform 
after each aircraft was fitted with the 
AE sensors. The tests were performed on 
the ground by pressurizing the cabin up 
to a gage pressure of 27.6 - 58.6 KPa (4- 
8.5 psi). 

In the military arena, PAC has s network 
of 28 AE sensors attached to critical 
locations of an Air Force F-111 aircraft. 
This network of sensors is used as part 
of the F-Xll structural cold proof test 
program that is performed at specific 
intervals at McClellan AFB. In this 
program, each F-111 airfraaw is cooled to 
a temperature of -40* C (-40* F) to sig¬ 
nificantly lower the critical crack size 
of the high strength steel that is used 
in critical locationa. The sensors then 
detect any crack growth that occurs as 
the aircraft structure is statically 
loaded. The same system that is used on 
the F-111 is currently being tested on an 
F-15 full scale fatigue article being 
tested at the Structures Test Facility at 
Wright-Patterson AFB. For the F-15 fa¬ 
tigue test, the main areas of interest 
are the connecting lugs between the wings 
and the fuselage. Data are collected 
several times each week fr^ the AB sen¬ 
sors and are reviewed for signs of crack 
initiation. Any areas that are suspected 
of containing cracks are then visually 
and ultrasonlcally inspected. 

Research into the use of fiber optic 
sensors has greatly increased over the 
last few years. It is theorized that 
fiber optic based sensors will be able to 
yield atrain, temperature, pressure, and 
structural damage information on a real- 
tisM basis. This type of setup would be 
ideal for new aircraft, aa the aenaora 
can be either embedded into the structure 
or simply attached by some mechanical 
swans during aircraft assembly. For 
aging aircraft, thia type of aenaor could 
be attached during a retrofit. In either 
event, these sensors would be able to 
warn the pilot end mainteaence crew of 
poeeible problem areas where mainteneaoe 
ie needed and could give a real-tiaw 
aseeesment of battle damage. 

The feasibility of using fiber optic 
sensors for strsin msssursmint on sir- 
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craft has baen proven by a nuadC>er of 
tests that were perforaed in the labora¬ 
tory and three tests that were perforaed 
on the saae full scale F-15 fatigue test 
that is being used for the AE testing^*^ 
All sensors that were used on the F-15 
fatigue article were tested under both 
static and dynasdc flight spectrum load¬ 
ing. The strains recorded using the 
fiber optic sensors matched those that 
were recorded using conventional electri¬ 
cal strain gages* thus demonstrating 
their feasibility. 


3.2.2 Structural Damage Assessment via 
Finite Element Analysis 

Vulnerability ^alysis of ^rospace 
structures £xposed to leasers (VAASEL) is 
a laser vulnerability analysis code de¬ 
veloped for the Air Force by Northrop 
Corporation. The code is maintained by 
the Structures Division of the Flight 
Dynasties Directorate* Wright Laboratory 
and ia available for distribution to 
contractors and other government agen¬ 
cies. This code was developed primarily 
to assess the vulnerability and surviv¬ 
ability of aerospace structures subjected 
to laser threats. 

To assess survivability and vulnerabili¬ 
ty, VAASEL has been integrated with a 
large finite element structural analysis 
program named ASTEOS (Automated STRu ctur- 
al optimization ASTROS is basi¬ 

cally used for preliminary design of 
aerospace structures* Both VAASEL and 
ASTROS are coa^atible with NASTRAN. 

VAASEL consists of six independent engi¬ 
neering modules that are linked together 
by an executive system* This modular 
architecture provides VAASEL with the 
flexibility to do many types of structur¬ 
al analyses. The structural analysis 
nodule is based on the ASTROS structural 
analysis capabilities that were modified 
to include material nonlinear analysis. 
This module incorporates commonly used 
finite elsmsnts such as rods* beams* 
quadrilateral membrane* bending and solid 
elements. The air loads analysis module 
assesses the ability of a damaged struc¬ 
ture to withstand the design flight con¬ 
ditions. An advanced paneling method* 
baaed on the computer program 08SAER0* 
simulates the aerodynaadc loads for all 
flight regimes. The failure analysis 
module deteradnes the structural vulnera¬ 
bility to a given damage level and iden¬ 
tifies 'sritioal areas of the structure* 
All possible failure awdes are accounted 
for and the criteria used to predict 
these failures are material de p e n de nt . 
Different sets of failure criteria are 
inel\Kled for oompoaites* metals and ee- 
ramies* The modular nature of the VAASEL 
architecture pendts easy cede modifica¬ 
tion to include other us er-defined poten¬ 
tial failure models and criteria* VAASEL 
ia currently designed to run on the 
VAX/VMS operating system. 


The Structures Division of the Flight 
Dynamies Directorate has an on-going 
investigation to b a e oam familiar with the 
^at analyaia rafarred to aa tha itatis- 
tieal fi^acreta float (^>0) mathod. This 


method is being proposed internationally 
for the certification of aircraft for 
flight through continuous turbulence. 

The significant deficiency in the present 
gust analysis is the inability to ratio¬ 
nally include the effects of a highly 
nonlinear flight control system. SD<3 can 
fulfill this requirement. In conjunction 
with this in-house study* Boeing Aircraft 
CM^any is performing s contract to apply 
SDG to several aircraft. A rigid air¬ 
craft analysis will be performed with 
pitch and plunge degrees of freed^. The 
advantages and disadvantages of the SDG 
method will be identified and the merits 
of the SDG procedure will be coag>ared 
with other esmrging methods. The Struc¬ 
tures Division has been the lead in the 
US Air Force for many years in the area 
of discrete gusts and turbulence effects 
on aircraft. In addition to having the 
recognized experts in this area* this 
Division has a large library of reference 
reports. 


4. FACILITIES FOR TESTING AGING AIRCRAFT 

This section describes the facilities of 
the Wright Laboratory that are being used 
or that have the potential for use to 
address the problMS associated with 
aging aircraft. 


4.1 Stnictur*. T*»t Facility 

This Facility ia part of tha Structuras 
Dlviaion, Flight Dynanics Diractorata, 
Nright laboratory. It pro.Idas the Air 
Fore* with a unlqua In-bouaa capability 
for axpariaantally dat.raining tha struc¬ 
tural Intsgrity and rallability of air¬ 
craft priaary and sacondary structural 
coiq>on*nts and adyancod aerospac. struc¬ 
tural conespta. Bophaaia ia on isplwimn- 
tation of tha **full apoctruni** concopt by 
proyiding tsst support to rasaarch, ex¬ 
ploratory davalo p aa n t , and adyanced de- 
valopaent. 

Th* t*st capability of th* facility cov¬ 
ers th* full spactruM froai basic •valua¬ 
tion of fractur* and fatigu* eharactsris- 
tics of joining taclinlguas through int*r- 
Mdiat* seal* testing of conceptual 
structures and Major aircraft subasaeM- 
blies to full scale testing of coivlete 
flight vehicle*. This tasting ia acco«- 
plished at cryogenic (-1$9* C, -32C* F), 
aablent, and elevated (vp to 1,760* C, 
3,200* F) teeperetures es re<|ttlred by 
each individual test prograa. Tha tast¬ 
ing of coapoalte, aatslllc, and hybrid 
structure* are all readily accoapllshad 
by the facility. Tsst loads siaulation 
is accoapllshad by the use of alaetronl- 
cally controlled hydraulic power systaas. 
Bydranlic capability la la axoaaa of 
4,920 litara/aiauta at 20.60 Wa (1,300 
ont at 3,000 pat). Mlorocoaputara and 
atoroprooaaaors along with over ISO ana¬ 
log aaxvo oontrollass and otbar facial 
purpeaa a qutp aa n t ara uaed to gaaasata 
taat fuBotlona wad oaotrol tha applica¬ 
tion of loads to tha tast straotncaa. 
Useatad tw^iarst lira tastiag Is aeooa- 
pllshad by tha faoility's xattant taaatiag 
systsBs. h total oap i&l llty of 50,000 BR 
of sloetrloal p ooa r Is seailsMa tor 
Short daratloBO <rt.«hta tho fwsillty. Ite 
raago of taaporotora oostrot is ftsii 
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aabi«nt to 1,760** C (3,200* r) on largo 
aurface aroaa. Nuclear effecta and other 
apecial aleulation baaed on flux denalty 
rather than teiig>erature can alao be per-' 
fomed. 

Haaaurement data froe load celXa, strain 
gages, deflection transducers, thenBo- 
coi^lea, flux sensors, and other instru- 
Mentation devices are acquired free teat 
speciAena. The data are then condi¬ 
tioned, converted fron analog to digital 
fom, and processed for real-tiate evalua¬ 
tion by the Alpha NuiMric/Graphic Display 
and for post-test bard copy output. The 
syateBBS that perform these ftinctiona 
include over 2,000 data channels, five 
coBputera, and a nunber of displays and 
related equipment. 


4.2 Fatioue and Fracture recilitv 

This facility develops fatigue, crack 
growth, and structural life prediction 
nethods and experinental data to support 
the USAF Aircraft Structural Integrity 
Program. The analytical applications and 
experimental validation of these nethods 
are accomplished through direct applica¬ 
tion to aircraft structures, including 
involvesMnt in durability and dasMge 
tolerance problems associated with new 
and existing systems. The developed 
methods provide a basis for assessing the 
effect of variables such as material 
properties, structural configurations, 
usage, and loading environment on the 
strength and durability of airfraise 
structures. These tecimologies 4q>ply to 
the design, development, operation, and 
maintenance of aerospace structures in a 
safe, effective, and economical manner. 


4.3 Structural vibratlgn 

The Structural Vibration Branch of the 
Structures Division performs research to 
develop advanced vibration prediction 
nethods, control systeam to odniodze 
vibration, and aircraft ground vibration 
testing techniques. Also, new data ac¬ 
quisition and analysis instrumentation 
and equipment are developed to provide 
design data for new systesw and rapid 
solutions for existing problems. Data is 
measured and analysed covering system 
ground and flight dynamics phenomena such 
as vibration, noise, flutter, and other 
induced loads. Activities of this Bran^ 
have a high potential for application to 
the Aging Aircraft problem. 


S. MW!* APPLICATIOII nr ^vaTt.amT.« 

The existing technology base can be used 
to address problems of eging aircraft. 

For eauaiple, in managing the eirfreme 
strueturee in e fleet of eging eiroreft, 
decisione euet be mede oonceming the 
tiodng end extent of inspeetions, re- 
peire, medifioetiens end life exteneion 
options. There ere significant eefety 
end cost ramlfieetions of t h es e deexieions 
end every peesible tcel thet cen eseist 
in mehing eeet effective decieiene sbeeld 
be used. The M|BtdblUby ^ Ireetese 
(PhOr) rieh asilfeie oss^er pr o gram «es 
written to iwovide snoh e tool for «9pii* 


cation in the management of DS Air Force 
structures. This section describes FROF 
and prssents an exaag>le of its use on a 
tranaport/bomber aircraft. 


5.1 (»>iective of Structural Risk Analv- 

To date, the United States Air Force has 
applied the durability and damage toler¬ 
ance requirements of MZL-STD-1530A in 
three areas: 1) designing new aircraft, 

2) evaluating the durability and damage 
tolerance characteristics of aircraft 
which were designed prior to the current 
requirements of MIL-STD-1S30A, and 

3) evaluating structural repairs and 
modifications. These applications have 
used fracture mechanics principles in a 
deterministic manner. That is, flaw 
growth was predicted using a fixed poten¬ 
tial flaw size, a fixed da/dN vs AK re¬ 
lationship, and a stress spectrum derived 
from a predicted average usage. Nhile it 
was realized that there are many sto¬ 
chastic elements in the initiation and 
growth of cracks, the applied process was 
considered conservative. Initial flaw 
aize asatsaqptiona were generally severe, 
tracking prograoM accounted for varia¬ 
tions in usage severity, and inspections 
(if necessary) were scheduled at half the 
time required for the specified initial 
flaws to grow to a critical size. At the 
time of the aaseasments, there was a high 
(but tinquantifled) degree of assurance 
that fatigue failures and widespread 
cracking would not occur within the de¬ 
sign operational lifetime. However, the 
realised life of individual airframes is 
seldom equal to the design life. The 
retirement aga of an aircraft fleet is 
determined more by its Inherent opera¬ 
tional capability and maintenance costs 
than by the number of flight hours speci¬ 
fied during conceptual planning. As the 
population of airframes ages, fatigue 
cracks will initiate and grow and all of 
the stochastic elements which can influ¬ 
ence the fatigue process will be motive. 
The exect status of fatigue cracks in any 
specific airframe will be scssewbat un¬ 
known even after inspections due to the 
uncertainties of inspection processes. 

In an aging fleet, structural damage is 
stochastic in nature. 

PR(^ is a risk analysis coi^uter code 
whose objective is to stochastically 
assess structural integrity* The assess¬ 
ment is made in terms of both safety (as 
quantified by the probability of fracture 
of a population of structural detaila) 
and dur^ility (as quantifisd by the 
expected mmtisr and aiaea of the cracks 
requiring repeir that will be detected at 
an inspection). This ebaraeterization of 
structural integrity can be applied as an 
additional tool la making daciaions con- 
ceraing the timing of inspeetioa, re¬ 
placement, and retiramant maintenance 
actions. The following paregrsplis da- 
scribe the methodology that has been 
implemented in FROF and presents an exam¬ 
ple of its potential applieation to a 
representative scenario. 
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5.2 Xir Forc^ Daf Ba»« 

iMplawnting structural risk analyses 
involves ccMuproaises between the ability 
to sodel reality and the data that is 
available to feed analytical aodels. In 
general, the more detail that is required 
by the BK>del, the less reliable the 
available data is. Because of the Air** 
craft Structural Integrity Prograe (ASIP) 
requirseents of MI1<~STD-I53QA, the J^r 
Force has an extensive data base on each 
systea for the deteministic evaluation 
of structural integrity. Of particular 
application to risk analysis are the data 
associated with the dasMge tolerance'*'*** 
and durability'*'**’ analyses that are per- 
forsMd for ail potential airfraae crack- 
ing sites and the data associated with 
the force aanageaent tasks of ASIP'**’. 


5.3 Biak Analysis Methodology 

The risk analyses wodel (PROF) is appli¬ 
cable to a population of structural ele¬ 
ments which is defined in tenas of de¬ 
tails which experience essentially equiv¬ 
alent stress histories. Because of the 
available data, the model was constructed 
around the growth of a distribution of 
crack sixes as illustrated in Figure 
4(13.141. distribution of crack sizes 

to initiate the analysis would be esti¬ 
mated from the best available data. 

These data could be provided by the com¬ 
pilation of information from routine 
inspections, teardown inspections, equiv¬ 
alent initial crack size distributions 
obtained in a manner previously 
described, or engineering judgement. 


5.3.1 Mg<KUn a th» Ct>cK Oiatribu- 

Usn 

There are two basic crack population 
calculations: 1) growing the distribu¬ 
tion of cracks from a beginning reference 
time to an arbitrary time within a period 
of uninterrupted usage, and 2) quantify¬ 
ing the effect of the inspection and 
repair. These calculations are addressed 
in the following paragraphs. 


5.3.1.1 Growiaq Population of Crack 
Sizes 

Qlv«n an Initial distribution of crack 
sisaa at a rafaranca tiaa. T„ tha pro- 
graa aatiaataa tha distribution of crack 
sisaa at T,*^T flight hours by projact- 
ing tha parcantilas of tha initial crack 
slta distribution using tha dataministic 
crack growth waraus flight hours ralation 
of tha dasHiga tolaranca analysis. This 
calculation is parfo m ad in PROF by tabla 
look-up. rigura 5 la a achanatlo of this 
prooass. Tha analytical fonsulation of 
tha procaaa is as follows. 

Lat a,(ta) raprasant tha pth parcantila 
of tha crack slsa distribution at T, 
flight hours, i.a., P(a < OaiT.)] - p. 
Lata.^tn raprasant tha a wataua T ra- 
latloo (doflnad tor not by a tabla of 
(a„T,) data pairs). Than tha pth par- 
oantlla ot tha oraek also distribution at 
tisM r. .Ar is glwan by 
a,(r,.*3-)-♦(♦-Ma,(r,)l .AT) U) 



a) DeCeminlstlc a versus T 



b) Projections of Crack Site Percentiles 


Figure 4. Crack Site Distribution versus 
Spectrum Hours 



Figure 5. Projection of Percentiles of 
Crack Size Distribution 


This calculation ia ropaatad for all 
parcantilas In tha tabla and daflnaa tha 
crack slsa dlatrlbutlon. 


5.3.1.2 KMact on Crack diaa 

Diatribution 

At a naintanaaos setion, tba pepulatton 
of datails ara inapaotad and all datsetad 
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cracka ara rapairad. Tha Aaintananca 
action will chan9a tha crack alaa distri¬ 
bution. This change is a function of tha 
inspaction capability and tha quality of 
repair as is shown in figure 6. Inspac" 
tion capability is modeled in terms of 
tha probability of detection as a func¬ 
tion of crack aiss/ POD(a)*‘^^. Repair 
quality is expressed in terms of the 
equivalent repair crack sire distribu¬ 
tion, £,<a>. If fb^^ta) and f./t^<a) 
represent the density function of crack 
sizes in the population of structural 
details before and after a maintenance 
action, then 

♦ ll-POD(a)] 

where F is the percentage of cracks that 
will be detected 


P = f POD (a) ■ f^i^„(a) da 


the SMucimum stress encountered in a 
flight will produce a stress intensity 
factor that exceeds the fracture tough¬ 
ness for a structural detail as shown in 
Figure 7. This calculation is performed 
in two contexts. The single flight POF 
is the probability of fracture in the 
flight given that the detail has not 
fractured previously. This number can be 
co8g>ared to other single event types of 
risks, such as the risk of death in an 
automobile accident in an hour of driv¬ 
ing. The interval probability is the 
probability of fracture at any flight 
between the start of an analysis (refer¬ 
ence time of zero or after a skaintenance 
action) and the number of spectrum hours, 
T. This FOF is useful in predicting the 
expected fractures in a fleet of aircraft 
in an Interval and is required for the 
expected costa associated with a mainte¬ 
nance schedule. 


The post maintenance crack size distribu¬ 
tion, f.ft«c^^)/ then projected forward 
for the next interval of uninspected 
usage. The process is continued for as 
many inspection intervals as is desired. 


mMMi ouAunr - 
nuNAUMT oucx sat 
osneunoN 



CRACK SIZE - 0 


CRACK SIZE - a 


CrfCCT OF UAIMTCNANCC ON CKACK SIZC OOTmtUTION 


AFTER INSPECTION 




SFCCmUM HOURS 


Figure 7. Quantifying Safety In Terns of 
Probability of Fracture 


KFORE INSPECTION 


5.3.2.1 aiaaii. fU«mt Z s9 tHbXli&i at 

Tract iir« 


CRACK SIZE - a 

Flgur. 6. Bff.cc of Nalncaasc. on Cr.ck 
Sl>. Dl.ctlboCioii 


5.3.2 fit Traetnr* 

Safety ia quaatlftad ia tana of tha 
probability of fzaotwo (TOP) to tbo 
aa rfiai otcooa oaeeanbaavd la a Cliubt. 
mr la oaloalatbd tm tta probability that 


Tha aquation for calculatinq tha proba¬ 
bility of fracture at a alngla atreaa 
raiaar in a alngla flight at T houra la 
giron by 

TOr,(T) > Single aleawnt TOT during 
flight at T houra 

- Fto,„ > a„(a,ii;)) 


_ i / f,(a) • g(K^) 


ff(0„(a,Kg>) dK^ da 
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wher« 

f,(a) « probability density function of 
crack aisas at T flight houra; 

9 <K«) * probability danaity function of 
tha fractura tougbnaaa of tha 
aatarial; and 

w(o„(a./rp)) - 

i.a., tha probability tha naxiaua atraaa 
in tha flight axcaada tha critical atraaa 
givan "a" and K,. 

The single alaaent POFr POFb(T), ia ln~ 
tarpratad aa tha probability that one of 
tha alaaanta in an airfraiM with T 
equivalent flight houra will axparianca a 
fractura due to a coabination of crack 
t2aiza, fractura tougbnaaa, and atraaa. 
Thia calculation la baaed on tha aaauap- 
tion that tha aiaa of tha crack in tha 
atraaa raiaar of the alM»ant and tha 
fractura tougbnaaa are independent. 

To calculate tha aingla flight probabili" 
ty of fractura from any one of the k 
equivalent elaaanta (atreaa raiaers) in a 
single airfraize at T flight houra, 

i^ aaauaed that the fracture 
probabilitiea between elattenta are inde¬ 
pendent . Then 

POF,(T) - 1 - [1 - POF,(T)J* (5) 

« k POF,(T) 

Slnilarly, POFr(T), the probability of a 
fracture in any of tha N airfraisea in tha 
fleet aa they aga through T flight houra, 
ia calculated aa 

POF^<T) » X- tl - P0 Pb(T)1" «) 

■ NPOF.tT) 

All three of these single flight POFa are 
calculated at ten equally spaced incre¬ 
ments in each usage interval. The re¬ 
sults are printed in a suomary output 
report. 


5.3.2.2 lotervel Probability of gracturg 

Fracture can result during any flight in 
a usage period and the probability of a 
fracture during an entire period is re- 
guired to estimate the ei^ected coats of 
s fracture. Since the fracture tougtanesa 
cf an eleaisnt doea not change from flight 
to flight, single flight POTS ae obtained 
above cannot be eoaibined to obtain inter¬ 
val por. The assus^ion of Independence 
needed to make this calculation poesible 
is not valid. 

An approaak to estiauitiog interval POF 
idlieh aocoufite for the constancy of frac¬ 
ture to w g ttnea a over the interval was 
foramlated aa follevas 1) datermiaa the 
eontribetion to the total POT ftm each 
possible peirieg of fraotexe toeghaeaa 
and erach aise at the beginning of the 
usage interral, 2) weight ee^ 

eontribetion by the p robsb i lity of the 
ereoh eise-fraotefe teeghneee eeebina- 
tion* /<ex cli • gfJ^ end 3) mm tbe 
weighted oentribetiane aver all peeeible 
eeebinetiene of ereefc eiee end fraetare 


toughness. To calculata tbe contribution 
to tbe total POF frMi a crack aiza- 
fractura tougbnaaa pair, tha total uaage 
interval ia divided into m aubintervala. 
It is aaaunad that the crack aisa ia 
essentially constant in a aubinterval and 
the critical stress is calculated for the 
crack sisa of the subinterval and the 
fracture tou^weaa. The distribution of 
maximum straasas in a subinterval ia 
calculated fr^ the distribution of auuci- 
num atresaea in a flight and the proba¬ 
bility of fracture in a subinterval ia 
tha probability that the maximum stress 
exceeds the critical stress for the aub- 
intarval. The POFa from tbe subintervala 
are co^ined to obtain the POF to tha 
total usage interval for tha initial 
crack-fracture toughness combination. 

The interval POF process ia IsplesMnted 
mathematically by the equation: 

POF,iIj> . I f^ia) J S(X^> 

6 0 

‘PF(a,F^) dK^da 

where 

POFidj) « probability of fracture at a 
single stress raiser in the 
jth usage interval; 

fj(a) • probability denaity function of 
crack alsea at the start of the 
jth analysis interval; 

9 (Fa) » probability density fxmction of 
critical stress intensity fac 
tors for tha structural detail; 

PF(a,K.) - 1 ~ ,K)] t 

- probability that the 
maximum atreas in AT flights is 
less than tbe critical stress; 

Hia) - Guab«l distribution of auz strsss 
por flight; 

o„<a(r;> ' iTc / • ptalT,)); 

AT - nxisibsr of flights in s subintsrvsl; 

Tj . 1 - AT, i - 1,.. 

Sines ths coaputstion tiiss to inplwsant 
■gustion (7) is significant and dapsnda 
on tha ntaiter of subintarrals, tha nuaber 
of flights sllocstad to s subintsml is 
s tesds-off bataaan accuracy (changa of 
crack sisa in tha subihtarral) and coa- 
putar tiaa. Crack growth par flight is 
ralativaly slow car aost of tha crack 
sisaa in tha crack aisa distribution and 
long usaga intarrals isply slow crack 
growth par flight. Tbarafora, tha nuabar 
of flights in a sublntarral was baaad on 
tha total tijna in a uaaga Intarwal aa 
follows: 

0 < a- AT i 1,000, At - 10 
1,000 < a- AT i 2,000, AT - 20 
2,000 < a- AT ^ 3,000, AT • 30 
ato. 
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The sensitivity of the interval POF to 
this method for determining the number of 
flights in a subinterval ess evaluated. 

It was concluded that changes In the 
interval POF from using smaller subinter** 
vals would be insignificant, interval 
fracture probabilities for the aircraft 
and for the fleet are calculated using 
equations analogous to Equations 
(5) and (6)^ respectively. 



5.3.3 Expected Maintenance 

Given the predicted crack site diatribu*' 
tion of an inspect/repair maintenance 
action and the POD<a) function at the 
time T), the expected number and sixes of 
the cracks that will be detected can be 
calculated. In particular, PROF calcu¬ 
lates the cumulative proportion of cracks 
that will be detected as a function of 
crack site as 


jp(aj) = f PODia) ■ da <•> 

0 

The proportion of detected cracks in the 
arbitrary range defined by ddj « 
is given by 

P(Aa,) - P(a,„) - P<aJ <») 

Expected costs of maintenance are not 
calculated in PROF. However, PROF output 
can be used to estiauite the expected 
costsof a maintenance scenario <as de¬ 
fined by flight hours between inspec- • 
tions, inspection capability, and repair 
quality). If the total population being 
modeled coogsrises k details in each of H 
airframes, then the expected number of 
cracks to be repaired at T, between sixes 
a^ and a^^i is k-N PiAa^). If repre¬ 
sents the cost of repairing a crack in 
sise range i, CV representa the coat of a 
fracture, and I represents the cost of 
inspecting each detail, then the expected 
costs of fracture and repairs in the 
usage interval are glvsn by 


Ej(C) * POFiTj) • N 'Cy 

♦ k-N- (r*^ P(Aa,) • Cj) 


( 10 ) 


Summing ovmr uaagm intarvala (maintananca 
perioda) yialda tha total axpactad main* 
tananca costs. Tha schaMtic of rlguro 8 
lllustrataa tha cost calculations. In 
tnla hypothaticaX axaapla, axpactad aain- 
tananca costs aara astlaatad for a ranga 
of Inspactlon Intarsala. 

Tabla 1 suMMcitaa tha input data ra- 
qulrad by tha risk analysis progm. 

Cra^ alsa dlatrlbutioaa of tha eraoks 
which wars dstactstf and r^airad ara 
output laasdlataly bafors and attar aach 
aaintanancsa action. Thasa crack alsa 
distrlhutloaa can ba couplsd with ooat 
data to obtain anpantod aaintanaaos cost 
intonation. 


S.4 inUfliUaB 

To lllMitnt* tba appllcwfctaM of tha risk 
analysis onhpiitar ooda, n p i aa n tatln 
data for an aglap allltacy traoaport/ 
boab a r wan a aad to awalaota tha tlalng 



Figure 8. Schematic of Expected Maintenance Costs 
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PORKAT 

1 

1 SOURCE/COHNENT 

ttATEA 1 hi./ CtOMETRY 

1 


A/a v» « 

Pll* 

cm analyala * atraaa intanaity 
factor ecafflelanc 


1 F«rhMt«r 

vaJu«» 

Noraal diatribution of fractgra 

touchnaaa 

hlltCAA FT/USAGE 

! 


LecAtion* 

1 Conmtant* 

minbar of analyala location! per 
alrfraaa and nuabar of eirfraaet 

In tha tlaat 


Pilh 

Crack alia diatribution at atart 

of analyala 

• vgrvus T 

Pilh 1 

PTA analyala > crack 9 rovth Ufa 
curv* 

h<a) 

ParwMtar 

vhluav 

Guabal diatribution of aax atraaa 
par fllcht - Pros L/ESS data or 
aaquancaa of CTA analyala 

IlfPSECTIOti/IUPAlA 



Tr 

Cenvtant* i 

iMpoctlen ttoaa •> usar daftnad 

POO{«} 

ParaMtsr 

valnaa 

Cuaulatlva itpgnoi'oal Poo funct.on 

for M>t ayataa 

•r'*> 

Plla ' 

Cramt alta diatribution of 
rapalrad crack aitaa 

s 

Constanta i 

1 

Ceata af tnapactiena and crack 
rapaljr for ranfaa of crmeti aixaa 


Table 1. Suaaary of PROF Input bate 


of Inspoctlons and tba capability of tha 
Inspactlon aathod. la particular, tba 
objsotlns of tba aaslysos wans 1) to 
task tbs aost ooat affaetisa InqMotion 
intarrals for a population of atruetural 
dotalla, and 3) to dotomlno if It la 
cost offoctiwa to ooo a bettor but aen 
oapanoin Inapoctlon aotbod. Tha asauap- 
tieaa that than an 7S aircraft la tha 
float which aagpariaaoa tha saao oaqpaetod 
oparatlomi oaaga aad that all of tba 
aircraft han undargoaa aalataaaaca at a 
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fixed reference nui^r of fll^t hours 
were eade. The risk analysis pertains to 
periods of operational usage <or inspec¬ 
tion or Baintenance intervals) after this 
reference age. 


5.4.1 Baseline Input 

The assuned population of structural 
details cM^irises rows of fastener holes 
in a fail-safe xone of equivalent stress 
experience on the upper rear fuselage. 
Figure 9 presents a scheaatic of the 
holes in the region and the geoaetry 
correction for crack growth calculations. 
The critical crack aixe la approximately 
2.50 cm (0.966 inch). Cracks that are 
detected before fracture can be repaired 
by a patch. The assumption was made that 
each airframe contains 50 separate re¬ 
gions such that the repair patch for any 
single crack in a region repairs all of 
the cracks in the region. However, if 
fracture (uncontrolled rapid crack 
growth) occurs, the entire panel must be 
replaced. The fracture toughness of the 
7079-T6 aluadnum alloy has an average 

valu. of 97.2 UPt/m (88.4 KSZ i/inch ) 
with a atandard deviation of 4.8 MPa /m 
(4.4 KSI -Jinch ) 



Flgur. 9. Str... Intanaity Factor CoMtry 
CorrectloTi for An.ly.l. Ragion 


Figure 10 preaenta the projection of 
crack growth from a fllgiit-by-fllght 
apoctroM of planned Blaalon uaago for the 
float. For the wlaual Inapactlona of the 
region of intoreat, the reliably detected 
crack aiao waa aaanaad to bo 5.S9 hr 
( 0.220 Inch). (Under OS Air Force guide* 
llnaa for establishing Inspection Inter- 
▼ala, atd>sequent laapeotlons would be set 
at one half the tlSM reqelred for a crack 
of the reliably detectable alee to grew 
to Its critical aiae. For the eaaaple 
application, tha baseline ti sdsga toler¬ 
ance re-lnspactlon Interval waa set at 
7,200 flight hours. Tha Mdsal dlatrlbu- 



Flgure 10. Crack Growth for Projected Usage 
SpectruB 



Figure 11. Cuahel Dletrlbutlon Fit to Harlaua 

Stre.. per Flight of Projected Spectrua 


tlon fit to the naxlana stress per flight 
currs of the fllght-by-fli^t stress 
spectrua is shown In Flgurs 11. 

At the start of the analysis (reference 
tiae of aero), it was assuaed that tbs 
distribution of the largest cracks In 
each region was described by a Wslbull 
distribution with a scale paraaeter of 
0.151 aa (O.OOS inch) and a ahaps paraas- 
ter of 0.768. For this distribution, 1 
in 1,000 of the holea will have cracks 
larger than 1.905 an (0.075 inch) and 3 
In 10,000 will have cracks larger than 
2.54 an (0.100 inch). Craclta are 
repaired by patches and It la as su a e d 
that tbs rep^r gaallty of a patch Is 
described by a mifem distribution of 


CRACK SIZE (IN.) 
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equivalent crack sizes on the interval 0 
to 1*27 MB (0 to 0.050 inch). That is, a 
patch replaces the largest crack in the 
patched region with an equivalent flaw 
that is equally likely to be any size 
between 0 and 1.27 bob (0.050 inch). 

For the baseline analysis, the reliably 
detected crack size of 5.59 an <0.220 
inch) is assuaed to be the result of a 
close visual inspection only. This caps* 
bility is interpreted as a 90 percent 
detection capability at 5.59 an (0.220 
inch). Because of the fastener heads, no 
crack smaller than 2.54 mm (0.100 inch) 
could be detected, i.e., POD(a)«0 for 
a ^ 2.54 mm (0.100 inch). To complete 
the definition of the POO(a) function, it 
was also assumed that a 3.61 mm (0.150 
inch) crack would be detected half of the 
time. The cumulative lognonaal POD(a) 
function that onets these specifications 
is shown in Figure 12. Also shown in 
Figure 12 is the POO(a) function for a 
potential eddy current inspection system 
with a smaller reliably detected crack 
size (to be discussed in Subsection 
5.4.3). 


CRACK SIZE (in.) 



Figure 12. Crack OeCection Probability for 
Coepetlng Inspection Methods 


Because of the comparative nature of the 
analysis objectives, inspection and re* 
pair costs need only be specified on a 
relative basis. For baseline analyses, 
it was assxmied that the cost of the vlsu* 
al inspection of each region is one unit, 
the cost of patching the region is 100 
units, and the cost of replacing a frsc* 
tured panel is 100,000 units. Bxpected 
costs for different maintenance scenarios 
are normalised in terms of the total 
expected costs for the baseline inspec* 
tion interval (7,200 hours) and inspec* 
tion capability. 


5.4.2 Inameefcioa Interval AnA^ywlw 

The pr^ablllty of fractnra (POT) for any 
ona of tba 50 pMiela fm a feaelage undar 
the beeelifie ceoditioiie ie preeented ee a 
functien of ep a tr em beere In rigera 13. 
The solid line repreeemte the frectecm 
probebility derlag e eimgle flight end 
the deehed lime (eirdlee) ragcesswt the 
probebility of e fseettM ia eay peael ef 



Figure 13. Probability of Panel Fracture In an 
Airframe for Baseline Conditions 


an airframe at any time during the previ¬ 
ous usage period. The large changes in 
single flight probability result from the 
removal of large cracks at the inapec* 
tion/repair maintenance cycles and the 
growth of the population of cracks during 
the usage periods. PROF does not output 
fracture probabilities below 10*^’, so 
smaller PDF values are plotted at this 
value. Since the structure under analy¬ 
sis is fail-safe and the costs are driven 
by the fracture probability in the entire 
usage period and the costs of mainte¬ 
nance, the single flight fracture proba¬ 
bilities will not be considered further. 

To investigate the effect of a constant 
usage interval between inspections, a 
total analysis period of 36,000 hours was 
assumed. Equally spaced inspection in¬ 
tervals were then defined to provide from 
three to twelve inspections in the 36,000 
hour period. Figure 14 presents the 
probability of fracture in each interval 
between maintenance (inspection and re¬ 
pair) actions for seven of the inspection 
intervals. The fracture pr^abilities 
display somewhat similar behavior in the 
early period during which the upper tail 
of the initial crack size distribution 
grows to potentially significant sizes. 
Following this Initial period, the inter¬ 
val fracture pr(A>abilities tend to stabi¬ 
lize at distinct levels; the shorter the 
inspection interval, the lower the equi¬ 
librium fracture probability. 

Because of the equilibrium POT levels, 
the ezpected coats associated with the 
possibility of panel fractures at the 
longer inspection iatervels will be 
gneter then Ukose of the shorter inter¬ 
vals. On the other hand, the costs asso¬ 
ciated with the sttre f re q u ent iaspeetions 
may he greeter then the expected costs of 
panel fracture. To evaluate the 
trada*off, the total expected melntenanee 
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Figure lA. Probablllcy of Panel Fracture In an 
Airframe Between Inapectiona for 
Selected Inspection Intervals 



Figure 15. (formalised Expected Neintenence Costs 
as a Function of Inspection Interval 


and fracturm coat for macb of tha inapmc- 
tlon Intas-vals waa calculatad. Tbaam 
oxpactad coata arm proamntmd aa a func¬ 
tion of inapoctlon intmroal In Plgurm 15- 
Aa notmd aarllar, tba coata arm noxanl- 
Ixmd by thm total mi^octmd coot for tba 
baaallna Inapmction intmrval of 7,200 
boura. (inapmction Intmrfrmla of 9,000 
and 12,000 boura mmrm alao analyamd but 
thm ai^mctad total coata worm, rmapmc- 
tlvmly, 4.1 and 29.0 tiiMa grmatmr than 
thoam of the 7,200 hour Incradant. Tbmam 
Intmcrala mmem not includad in rtguxm 19 
ao that blgbar rmaoluttoa could bm abotm 
for thm ahortar intarvala.) 

Thm mapmetad total oomta daexmaaa with 
Inapmctioo intmml dow n to about a 4,000 
hour Intmrral and than taad to Inermaom 
8 ll 9 htly. Tba dacroaom ia dam to tha 
larpa dacroaao la tha map m et ad coata 


aaaociatmd with panml fracturma at thm 
longer intarvala. Thm aguilibriun frac¬ 
ture probability for inapmction intarvala 
of 4,500 hours and less produce only 
minor additions to thm total mapmetad 
coata. Thm costs due to thm Inspections 
and repairs increase but at a very slight 
rate. From a practical viewpoint, any 
Interval leas than 4,500 hours would have 
essentially equivalent expected total 
coata. 

To investigate the potential for reducing 
total costs by extending the timing of 
the first inspection, various combina¬ 
tions of initial inspection tisses and 
equal repeat inspection intervals there¬ 
after were analysed. Table 2 preaents a 
summary of the expected normalised costa 
due to fracture, maintenance, and thm 
total. As noted earlier, the expected 
maintenance coats were approximately 
equal for all scenarios considered. The 
expected costs due to panel fracture 
varied soisewhat depending on the particu¬ 
lar combination. It ia interesting to 
note that the minimum expected total cost 
was achieved at a 16,000 hour first in¬ 
spection followed by 4,000 hour intervals 
thereafter. The expected cost for this 
combination waa slightly less than that 
of inspecting every 4,000 hours. 


Ptrtt 

(Newfp) 

IntpdcDen 

intvrvfti 

(Howrt) 

Fruetur* 

Ceil 

% 

Miiniininei 

Ceil 

% 

Telit 

Ceil 

« 

SU9 

$143 

9.1 

24.0 

30.7 


WOO 

49 

24.9 

29.9 

7200 

4900 

3.9 

25.0 

29 9 

9400 

4600 

2.4 

25.2 

27.9 

9000 

$400 

9.5 

24.1 

326 

12000 

4900 

3 $ 

24.9 

28.3 

16000 

4000 

1.2 

24 9 

26 0 

16000 

SOOO 

9 0 

23 9 

29.9 

20000 

4000 

7.9 

23 2 

31.1 


Table 2. Expected Total Fracture and Maintenance 
Coata as a Percentage of Total Costs 
for 7200 Hour Inspection Intervals 


For the assuxMd conditions, the above 
analyses iaiply that an inspection sched¬ 
ule with shorter intervals would provide 
a significant savings in ei^ctad frac¬ 
ture and maintenance costs over thoam 
determined by thm damage tolerance 
"rule*. Although a minianim was achieved 
under thm equal Interval analysis, once 
the Inspection interval was sufficiently 
short, tha expected costs did not change 
significantly. This waa true regardless 
of the timing of tha first inspection. 
This latitude in setting infection in¬ 
tarvala could be important as tba actual 
achedule should ha dateradned by conald- 
erlng tha many different populations of 
structural details in an airframa, eadi 
of which may have diffarent optimum 
schadulea. 
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5.4.3 InapegtAon capability AnftAvjift 

Xt waa aasimed that tha Inapactlon for 
eho basallna analysla waa a cloae visual 
inspection that is inexpensive to per¬ 
form. The question might arise as to 
whether it would be coat effective to 
perform a more expensive inspection with 
an attendant increase in capability. 
Toward this end, it was assumed that an 
eddy current (EC) inspection could be 
used to inspect for cracks in the regions 
and that the cost of the EC inspection is 
10 times that of the visual. However, 
this reduces the reliably detected crack 
siae to 3.01 mm (0.150 inch). Because 
the eddy current probe can detect cracks 
under the fastener head, it was assumed 
that the minimtim detectable crack sice is 
1.27 mm (0.050 inch). The 50 percent 
detectable crack size was assua^ to be 
1.90 on (0.075 inch). The cumulative 
lognormal POO(a) function that meets 
these requirexienta is shown in figure 12 
with the POD(a) function of the baseline 
analysis. 

The usage interval fracture probabilities 
for the two inspection capabilities for a 
4,000 hour inspection interval are pre¬ 
sented in Figure 16. The eddy current 
inspection significantly reduces the 
chances of a panel fracture in the 36,000 
hour period. When the expected mainte¬ 
nance costs are considered, however, the 
inspection and repair costs associated 
with the eddy current inspection are 2.2 
times those of the visual inspe'^tion. At 
this 4,000 hour inspection intezrval, the 
expected costs due to panel fracture are 
small (almost negligible) for both in¬ 
spection methods. However, the better 
(EC) inspection system apparently re¬ 
quires more cracks to be repaired at each 
of the inspections and these cracks are 
too small to be an imminent threat to the 
panel. 

When the two inspection capabilities were 
analyzed at the 7,200 hour inspection 
interval, the reverse conclusion was 
drawn. The chances of panel fracture at 
the longer usage interval was sufficient¬ 
ly great that the total expected costs 
over the 36,000 hour period were signifi¬ 
cantly reduced by repairing the smaller 
cracks. This result was tested for sen¬ 
sitivity to the assuaied inspection and 
repair costs. The expected total mainte¬ 
nance costs were obtained for ranges of 
cost per inspection and cost per patch. 
The expected total costs were still sig¬ 
nificantly less when the EC inspection 
costs were SO times greater than those of 
the visual inspection and when repair 
coats were 500 times greater than those 
of the baseline calculations. 

No clear conclusion can be drawn on the 
cost effectiveness of the EC inspection 
system as cospared to the visual inspec¬ 
tion. When the shorter and more cost 
effective intervals of this example are 
used, the visual inapection capability 
providea the aiore economical choice. If 
the longer damege tolerance defined 
inapection interval is to be used, the 
additional coats associated with the eddy 
current ini^ectiona would be juatified. 
However, given an inapection interval, 
the riak analyais program, FHOT, can be 
used to make a coat effective decieion. 



Figure 16. Probability of Panel Fracture in an 
Airfrrifte Between Inspections for 
Different Methods and Intervals 


6. RESEARCH AREAS REQOlRlNG APPITIOHAL 
DEVELOPMENT 

Many areas require additional work to be 
able to better address the problems asso¬ 
ciated with aging aircraft. Three such 
areas are the modeling of corrosion in 
the structure, the modeling of multiple 
site damage, and the advancement of cur¬ 
rent lion-Destructive inspection (NDI) 
techniques. 

Risk analysis methods have been developed 
to account for populations of single 
flaws in the structure of an aircraft. 
However, risk analysis methods must be 
expanded to account for all significant 
problems that an aging aircraft experi¬ 
ences, including the effects of corrosion 
and multiple site damage. The analyses 
should also be capable of analyzing 
flight-by-flight and cycle-by-cycle load¬ 
ing and crack growth. 

Corrosion models that exist are very 
simpliatic in how they siodel fatigue 
crack growth. Additional research is 
needed to develop models that more accu¬ 
rately predict the initiation and growth 
of cracks that develop from corrosion 
pitting, and that account for the deteri¬ 
orating structural properties due to 
corrosion. 

NDX techniques must be advanced to the 
point idiere they can reliably detect 
flaws that are present under the heeds of 
bolts and rivets and that can detect 
corrosion damage in hidden areas. They 
must be developed to a point where it is 
mu^ less monotonous for the operator to 
operate and determine where a flaw or 
area under electro-chsmicsl attack may 
exist. 
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The development of "Smart Structures" 
technology can (*.:> much in the area of 
aging aircraft. The development of ad¬ 
vanced sensors and monitoring techniques 
could alert maintenance personnel of 
hidden problems/ or of probable damage 
areas that should be inspected immediate¬ 
ly. 


7. COMCLUSIONS 

In this paper, it is shown that the US 
Air Force does have the technology and 
up-and-coming research to address idi- 
vidual problems of aging aircraft. How¬ 
ever, the technology that exists does not 
adequately address all major faccors. 

The ultimate analysis would be one that 
addresses all major factors and their 
interactions. Current analyses must be 
extended or new analyses developed to 
predict the damage modes atnd states in 
the aircraft structure at any time. The 
analyses must be flexible enough to give 
accurate predictions for any aircraft, 
and must be simple enough to be used by 
amy trained person. 
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ABSMACt 

A procedure for determining the 
probability of structural failure of an 
airplane at any atage of the operational 
life la deacrlbed. Thla procedure la 
baaed on exlatlng aodela for 
repreaentlng the alze dlatrlbutlon of 
pre-aervlce cracka, the dlatrlbutlon of 
the nazlBini aervlce load expected In a 
alngle flight and the reliability of the 
nondeatructlve method uaed for 
Inapectlon. A caae atudy la preaented 
to ahow how the procedure can help the 
fleet manager aet more reallatlc 
Inapectlon and maintenance achedulea and 
adopt more appropriate retirement 
pollclea. 


1.0 iwROPOctiom 

The flight aafety of metallic alrframea 
la currently enaured through damage 
tolerance analyala, baaed on fracture 
mechanlca concepta. The determinlatlc 
nature of thla approach lagjiliea that 
only average valuea of the Influence 
parametera coaiblned with a aafety factor 
or 'worat-bound* valuea are conaidered 
In the analyala. Thla aoawtimea givea 
unreallatlc operational life aaaeaamenta 
reaultlng In overly atrlngent Inapectlon 
requlretienta. 

The probabillatlc approach to atmctural 
aafety quantitatively aaaeaaea the riak 
of failure aa a functioo of time by 
properly conaldering the relevant 
aourcea of variability aueh aa the aixe 
of the initial flawa preaant at the 
critical locationa, the crack 
prc^agation rater the aarvice loading 
apectrum, the raaidual atrength and the 
crack detection capability of the 
nondeatructlve inapectlon ayatam. Such 
an approach providea a more rational and 
reallatlc baaia on which inspection and 
maintenance schedules can be 
established, at the onset of the 
operational life, aa part of a service 
life extension program (SUP) or 
following a mission change. 

The Canadian Foreas (CF) arm currently 
supporting lull-scale testing, in- 
service load monitoring and structural 
modifleation programs with the aim of 
extending the operational lives of its 
aging aircraft fleets Into the twenty- 
first century. This will put amphaals 


on timely maintenance declaiona that 
will seek to minimize operational costs 
while maintaining flight aafety. In 
that perspective, this paper deals with 
the possible application of 
probabilistic damage tolerance for fleet 
management purposes. A brief 
description la given of a procedure used 
to analyze a fleet of CFllt aircraft 
from the Canadian Forces. Results are 
presented and discussed In a management 
context. Special considerations In 
applying the procedure are also 
highlighted. 


2*0 MITHOD PMCRIPTIOW 

The probabilistic method adopted In this 
study consists of the following basic 

stepsI 

1* Determine an equivalent Initial flaw 
size (BIFS) distribution for each of the 
critical details to be considered. 

2* Determine the service crack growth 
curves for propagating the EIFS 
distributions. 

3* Derive the distribution of maximum 
stress applied at each critical 
location. 

4* Obtain the probability of detection 
curve!a) representative of the HDI 
technlque(s) used in service. 

5* Calculate the probability of 
aircraft failure as a function of flight 
time by combining all critical details 
and considering the effects of repeat 
inspection. 

These stq>s are only succinctly 
described in the next sections. Further 
details and complete mathematical 
dsvelopamnts can be obtained from other 
studies describing similar methods 
(1-4). An existing coiputnr program [4] 
was used for carrying out the 
probabilistic analysis. The program was 
modified to yield better accuracy, to 
account for the 'renewal effect' of 
inspection, and to incorporate common 
statistical functions for representing 
the nF> and mexlmum stress 
distributions as wall as the log 
logistics modal for representing 
inspection reliability. 




2.1 lauiT»l»i>t Initial H«w «li« 
Platributlon 

The Initial fatigue quality of the 
alrfraae at each critical structural 
detail considered In the probabilistic 
crack grotrth analysis Bust be first 
assessed. Prior to service, these 
details already contain flaws of 
randonly distributed slies that are 
likely to develop Into fatigue cracks 
during operation. Bowever, the slxe of 
the Initial flaws cannot be econcsilcally 
detemlned using current HOT Mthods, 
given the high unufacturlng quality of 
nodem aircraft structures. For this 
reason, the Initial fatigue quality of a 
given structural detail Is rather 
quantified In tens of an BIFS 
statistical distribution. A comnonly 
used procedure for deriving the BIFS 
distribution Is described In [1] and 
Illustrated In Figure 1. Briefly, 
fractographlc data either froB 
laboratory coupon testing or In-service 
Inspections are used to derive a 
distribution of tlae to crack Initiation 
(TTCI) for a detectable crack size, a,. 
The BIFS distribution Is then obtained 
by back-extrapolating the TTCI 
distribution to time zero using a 
deterBlnlstlc crack growth law. 
Parameters of the BIFS distribution can 
be optimized by means of data pooling of 
different fractographlc data sets. 

Thus, an BIFS distribution represents an 
artificial distribution of Initial flaws 
at time zero which corresponds to actual 
crack sizes at a later tlae for given 
crack growth conditions. 



Figure 1 - Derivation of the BIFS 
Distribution 


2.2 Crack growth Master Curve 

Once the BIFS distribution at each 
critical detail Is determined, It Is 
grown forward using a deterministic 
master curve, representative of the 
service condition, to obtain the crack 
size distribution f,i(a(x)) at any 
service time t, as depicted In Figure 2. 
The master curve Is defined either from 
available fractographlc data or using a 
general crack growth analysis software 
and must be consistent with the 
derivation procedure for the BIFS 
distribution [1]. 



Figure 2 - Deterministic Crack Growth 
Using the Haster Curve 
Approach 


2.3 Inspsotlon Reliability 

In the deterministic approach to damage 
tolerance, an inspection schedule Is 
prescribed at each critical location to 
detect the dominant fatigue crack before 
it reaches critical size. Periodic 
Inspections are also required in the 
prd>abilistlc approach to keep the 
probability of structural failure below 
an acc^table level. Inspection 
reliability must therefore be accounted 
for since it affects the crack 
distribution at each Inspection. 

The effectiveness of an Inspection 
technique Is usually represented In 
terms of a probability of detecting a 
given size crack. This probability Is 
strongly dependent on the material, the 
Inspoctlon technique, the crack location 
and shape, the critical detail 
accessibility and geometry, the ability 
and attitude of the Inspector, as well 
as the environment in which the 
inspection takes place. Bxperimental 
programe C9~7] have been conducted to 
generate pxtdMbllity of detection (POD) 
data for aircraft structures. 


In general, the POD curves derived from 
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these dsta are best represented by the 
log logistics or log odds function given 
by 

F„ (a)- exp(c^8 In a> (1) 

l-faxp(a+p In a) 

tdiere the paraaetera a and p can be 
obtained by linear regression. 

In general practice, a 95t lower 
confidence Halt (CL) on the aaan POD 
curve Is deteralned through statistical 
analysis (8) and used to represent 
Inspection reliability. 

In the present aethodology, the cracks 
detected during Inspection are aasuaed 
to be repaired such that the cracked 
details are 'reset' to the Initial 
fatigue quality. Hence, the probability 
density function of the crack site 
laasdlately after Inspection at t • t* 
becoaes 

f»(a(T'))-P.(x)f,(a(to)) 

♦ (l-F.(a))fx(a(T)) (2) 


density function. 

2.S Probability cf Failure 
beteial nation 


The variation of the probability of 
failure (POF) with tlM constitutes the 
aost inportant result froa a 
probabilistic daaaga tolerance analysis. 
Baaed on this inforaatlon, appropriate 
actions can be takn to preclude 
aircraft fatigue failures that nay have 
catastrophic consequences. 

The POF at a given flight can be 
calculated froe the joint probability of 
serlsme stress and crack length that are 
assuaed to be Independent statistical 
variables. Thus, the POF for the 
flight at the k** critical location Is 
expressed as 


POF„- 


/ / 


(f>(a)]k da ds 


(4) 


The first part of Equation (2) 
represented the detected cracks which 
have been repaired with Pb(t), the 
probability of detecting a crack of any 
size at t-T, given by 


F.(x) - J f,(a(t)) F,(a) da (3) 


where and f,(s) are the 

probability density functions of the 
crack length and stress, 

respectively, and R, is a failure region 
in the a-s plane defined by the residual 
strength curve as shown In Figure 3. 
Bence, the overall probability of 
failure after H flights for an aircraft 
structure containing M critical 
locations is given by 


The second part represents the 
undetected cracks with p-F,(a)) being 
the probability of aisslng a crack of 
size a. The new function fk(a('(*)) Is 
then grown forward using the vaster 
curve until a subsequent Inspection 
nodlfles it. 


2.4 ItaxlMBV tress Oistrlbutlen 

The next step in the aethodology 
Involves the deterainatlon of the 
probability of exceeding a given stress 
at a critical location in a single 
flight. A slaple procedure proposed In 
(9) Is followed herein. First, the 
stress exceedance function used to 
derive the mater curve Is factorized to 
obtain the nusdMr of excoedancaa per 
flight. Itext, truncation Is carried out 
to keep only the smxIskb stress values 
exceeded no aoxw than onm par flight. 
Finally, an extrapolation is mde to the 
high loads of rare occurrence by fitting 
a statistical function that closely 
represent the shape of the tall of the 
exceedance curve. The resulting 
function defines the cuaulatlva 
probability of eaeaedlug a given stress 
in a single flight whose derivative 
gives the eexlsne stress probability 


II II 

POF, - 1 - n {1 - II - n (i-poF„)i) ( 5 ) 

}•! k«l 



Figure 3 - Probability of Failure 
Datendnation 
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3.0 PMCTlcatt. »w.Tr«Tt<Mi 

The CFllC fleet of the Cenedian Forcee 
was chosen to assess the applicability 
of the above probabilistic procedure for 
fleet senageaent. Since 19S5, the CFllS 
Is aalnly used as a prlswry trainer for 
the CF-IS fighter aircraft. A service 
life extension prograa (8LBP) was 
launched with the ala of extending the 
operational life of the aircraft froa 
4000 hours to 6000 hours. A wing change 
after q^proxlaately 3000 flying hours 
has been prescribed as a acre econcalcal 
alternative to repairing the fatigue- 
corrosion daaage occurring on the wing 
spars. In addition, a change of 
aaterlal froa A1 7075-T651 to A1 7475- 
T651 was recoananded for the lower wing 
skin to laprova toughness. However, 
soae of the new wings will still 
Incorporate A1 7075 lower skins since 
they had already been fabricated before 
the aaterlal change was adopted. 

Only one critical detail was conaidered 
In this analysis, naaely, the lower wing 
skin radius. A nondestructive 
inspection of the radius Is currently 
carried out using the eddy-current 
technique. Froa a daaage tolerance 
viewpoint, the radius is classified as a 
slow crack growth, daaage tolerant 
critical location. 

The geoaetry of the wing skin in the 
radius area is shown in Figure 4. The 
relevant nechanlcal properties of 
alualnus alloys 7075-T651 and 747S-T651 
are given in Table 1. 



Figure 4 - CF116 Lower Wing Skin Radius 


Table 1 - Nechanlcal Properties of the 
CFllS Lower Hlng Skin 
Materials 


PROPBRTIBS 

707S-T651 

7475-T651 

Tensile Strength 
(MPa) 

537.S 

538,6 

yield Strength 
(MPa) 

482.4 

482.4 

Fracture 

Toughness (MPa /e) 



- Plain Strain 

30.0 

45.3 

- Plain Stress 

67.8 

91.4 


Since no fractographlc data were 
available, the Nelbull-coapatlble 
distribution was chosen to characterize 
the initial fatigue quality because of 
its successful application In 
probabilistic durability analysis [2]. 
The functional fore of the distribution 
is given by 


t»(«(t.)) - a 

♦a 


• exp{-tln(a«./a)/*]«)-o 


(«) 


Values for the distribution paraiieters 
were taken froe [10]i a-1.823, f-1.45S, 
a_,-.762 wm. A plot of the RIFS 
distribution is shown in Figure 5. 



Figure 5 - Assoaad Kquivalent Initial 
Flaw slse Distribution 
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A qUATtar circular comar crack waa 
assoaad to devalcq? at tha radius and to 
raaaln quartar circular until thlcknass 
braak-through occurrad. Froa than on, a 
through-thlcknaas crack with a straight 
crack front was assuasd. Tha boundary 
corraetion factor for this crack 
propagation case is shown In Flgura 6. 
Tha strass spactrua derlvad for tha 
full-acala tast on tha structura was 
salected as reprasantatlva of tha flaat 
avaraga usaga as shown In Flgura 7. 

This Inforaatlon and tha aatarlal 
propertlas wara uaad as Input to a 
general purpose, cycle-by-eycle, crack 
propagation, prograa [11] to ganarate 
the aaster curves shown in Figure t. 
Crack growth calculations ware started 
at an Initial crack of .05 mm. The 
curves were axtrapolated for saallar 
crack lengths. 



Flgura ( - Boundary Correction Factor 
for a Corner Craek/Through 
Crack at tha lower Wing 
Skin Kadlus 



NOMML amLsnxrnn ra) 
Figure 7 - cni» farviee and FIMBTF 
•paetra 



Figure 8 - Crack Growth Curves for the 
Two Lower Wing Skin Materials 


The cuBulatlve probability of stress 
exceedance par flight Is shown in Figure 
9. Tha curve was extrapolated to 
approxlaately 8x10-* using a three- 
paraaetar Wslbull function [12]. This 
value corresponds to the allowable 
SMixlana load In two design service 
llfetlws at a slow crack growth non- 
Inapactabla location, as specified in 
NIL-A-87221 [13]. The corresponding 
Bs x laua stress distribution Is shown in 
Flgura 10. 



Figure 9 - Cosnilatlva Maxlaue Stress 
Distribution 
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Flqura 10 - Probability Danaity runction 
of MarlOT straaa 


Ttfo POO/CL curvaa wara uaad in the 
analyaia for eoaqiariaon purpoaea. Curve 
1 ahown in Figure 11 waa obtained by 
fitting the log logiatica aodal to a aat 
of inapaction data from an ai^ariaental 
program conducted by the Canadian 
Forcaa{14) and repreaantativa of the 
lower wing akin radiua. Curve 3 plotted 
in Figure 13 waa derived CiSl by aleo 
Baking uaa of the log logiatica function 
for rapraaenting MDI data generated froai 
an antanaiva reaaarch program carried 
out by the OSAF [<1, The latter curve 
haa bean uaad in the paat to recommend 
inapaction intervale for aaveral CPllC 
atructural detaila. 



0 0.5 1 15 2 05 
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Figure ll - Probability of Crack 

Oetaotlon at the CP11« 
Komar Mag Skin Kadiua - 
Mdy Curxoat laapeotion 
from cr ttady (14] 



Figure 13 - Probability of crack 

Detection - Eddy Current 
Inapectlon from USAF Study 

1151 

Finally, the raaldual atrength curve 
required to define the failure zone and 
hence calculate the probability of 
failure conaidered la ahown in Figures 
13, for each of the Mterlale 
conaidered. 



Figure 13 - Xaeidoal strength Curvea 
for the Lower Mng Skin 
Eadius 


4.0 wMmnM uat MacgMici I 

Tba raaalta praaemtad la thia section J 
are disoaaaad la relative terms mainly / 
baoanaa of the asaamptLoa made on the i 
nrs dlstrlbutloa and of the omission of | 
tba oraek growth variability in the 



iL 
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analysis. Thaa* two variablas wara 

found to pradoadnantly affaet tha 
probability of fallura {IC-IS]. 

Tha alngla flight prdtablllty of fallura 
cuEvas for tha no-lnspactlon casa ara 
shown In Flgura 14 for tha two aatarlala 
Invastlgatad. This Inforaatlon provldaa 
tha float aanagar with tha avaraga risk 
of flying an aircraft at avary flight. 

A manlngful Intarpratatlon of tha POF 
curvas raqulras that an accaptabla loval 
of risk ba datoralnad. For a sain 
structural part of an aircraft values 
batween 10'^ and 10~* for a slngla flight 
POF and batwaan 10~* and lO** for tha 
whola aervlca Ufa hava baan aentlonad 
[3, 9, 30], Bowavor, tha accaptabla 
risk level greatly depends on tha type 
of aircraft and aiaalon flown such that 
sound anglnaarlng judgaent and past 
experience must be used on a caaa-by- 
casa basis. 



Figure 14 - Coaparlson of Single Flight 

Fallura Frobabilitias for 
the Ito-Inspactlon Casa 


If one assuaed a target axtandod life of 
8000 hours for tha structure. Figure 14 
shows that, for tha roqnlrad lifetlsn, 
both aatorials gives probabilities of 
failure In axcaas of tha acceptable 
level range previously aantionad. This 
obviously suggests that laapactloo aunt 
ba carried out. On tha other hand. 
Figure 14 provides justification for tha 
change of tha lower wing skin aaterlal 
since for any probability of failure the 
corresponding ntabar of flying hours is 
always lower for A1 707S than for 
A1 747S. 


safety. In the present casa, an 
Inspection avary ISOO hours after the 
new wing Installation senes appropriate 
In order to aeat tha a forewent loned 
raqulreawnts. Slellarly, a SOO-hour 
inspection interval Is required for A1 
707S-TCS1 as shown In Figure 16. 



Figure IS - Influence of Ruxiber of 

Inspactions on the Single 
Flight Probability of 
Failure for A1 747S-T651 


Table 2 - Inspection Schedules for the 
Lower Wing Skin Radios 


Wuaber of 
Inspections 

Inspection Tlue (Boors) 

1 

2 

3 

4 

1 

5300 




2 

5000 

7000 



3 

4500 

6000 

7500 


4 

4000 

5000 

6000 

7000 


Tha significant Influanca of Inspection 
using POD Curve 1 la Illustrated is 
Figure IS for the 747S*MS1 alasinoe and 
for the innaetlen se h ed u les given In 
Table 2. This laforaatloe provldss tha 
basis for dsterulnlag tha laspaetlon 
interval that would ansure flight 
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Figura 1C - Slngla Flight Failure 

Prabahlllty for A1707S- 
TCSl Skin Inapactad Every 
500 Bouts 


The probability of aircraft failure 
after a given nuaber of flying hours Is 
another place of relevant Inforaatlon on 
which to base fleet sumagesMnt 
decisions. Such Inforaatlon Is depleted 
In Figure 17 for the two skin eaterlals 
with the Inspection Intervals 
recoasMnded above. Again hare, the 
fleet aanager aust decide on an 
acceptable risk of failure considering 
the entire life of the aircraft. For 
the asrlaua acceptable level of lO*^ 
already quoted. Figure 17 shows that the 
A1 7075 wing skin would need a tighter 
inspection schedule whereas the A1 7475 
one would satisfy the requiraaant. 
Eowever, in the latter case it aight be 
advisable to Increase the nuaber of 
Inspections after 7000 hours given the 
steepness of curve and If additional 
life extension is desired. Besides, 
inspection Intervals would need to be 
reduced further if other critical 
locations need to be considered. 



Figure 17 - Coaparlaon of Cuaulativa 
Failure Probabilities for 
the Two Ming Skin 
Haterlals with Inspection 

The probabilistic approach also allows 
fox dlscriainatlon between HOI systeas. 
ms is Illustrated in Figura 18 where 
probabilities of failure using POD Curve 
1 and POD Curve 2 are cospared for the 
three-inspection schedule. One aay 
observe a three order-of-aagnltude 
decrease In probability of failure when 
HDI Systaa 1 la used Instead of Systesi 
2. However, the relatively high POD 
reliability of Systea 1 tfould need to be 
substantiated with In-service Inspection 
data. In any case, this eaphaslzes the 
laportance of experiasntslly deriving 
POD corves representative of the 
critical structural details and the 
actual Inspection conditions. 




k 









5-*) 


The above result# clearly daaonstrate 
the usefulness of probabilistic daeaga 
tolerance analysis in helping the fleet 
■anager sake technical decisions on a 
■ore rational basis. But, this case 
study revealed that practical issues 
should be considered before choosing the 
probabilistic approach. First, the BIF8 
distribution is one of the aoet 
influential and aost difficult to <d>tain 
input data in the probablllatlc 
analysis. The fractographlc data base 
required for its derivation does not 
always exist and wist be generated from 
nuneroua representative coupon tests. 
Besides, the BIFS la an artificial 
concept that Bust be used within certain 
constraints [1). Second, neglecting the 
crack growth rate distribution, such as 
in the present case study, may yield 
unconservative results (101. Stochastic 
models (3, 10] exist that account for 
the crack propagation scatter but again 
these nodela require that a considerable 
anount of experlaantal data be gathered. 
Finally, the fact that several critical 
locations are present in an aircraft 
structure further Bagnlflea the aaount 
of data required. Bence, a full 
probabilistic analysis can becoae costly 
and before it is carried out a proper 
assessment of cost versus benefit should 
be made. 

Nevertheless, the requlrasients on the 
input parameters can be considerably 
relaxed trhen the probabilistic approach 
is used in a relative manner. Thus, 
changes in the applied load spectrum, 
detection capabilities of different 
Inspection techniques, material 
substitutions, and design modifications 
can be assessed baaed on a probability 
of failure criterion. This approach is 
recomended for the CF fleets until a 
representative database incorporating 
BIFS distributions, crack propagation 
distributions and POD curves becomes 
available. 


S.O BWBBWt BBD COWCUWIOWB 

A probablllatlc damage tolerance 
procedure for analysing aircraft 
structures has been described. The 
procedure accounts for the flaw sise 
distribution at the critical details, 
the distribution of the msximiim service 
load and the probability of crack 
detection during inspection to determine 
the probability of failure at each 
flight and the ensnlatlve probability of 
failure after a given ntmlMr of flights. 

A numerical example involving a trainer 
fleet from the Canadian Forces sheen 
that the mathod can be smeeeesfully 
aralied to assist the fleet mnnaeer in 
selaetlng n ond e s tructive iasMetloe 
methods and in astabUshlng In e p e et lom 
and malatenanee sch ednlee that vlll 


ensure flight safety. The procedure 
should be upgraded to Include the 
variabilities in crack growth rate, load 
spectrum and fracture toughness for more 
accurate probability of failure 
predictions. In cases where the key 
input distributions are missing because 
of a lack of experimental and service 
data, aasunptlons can be made and the 
probabilistic approach can still be used 
on a relative basis. This was the case 
in this study. Carrying out 
probabilistic damage tolerance analysis 
■ay prove time-consuming and costly, for 
a large amount of data must be gathered. 
Bowever, the analysis may be warranted 
considering the even higher cost 
associated with a detaiminlstic 'worst- 
case* approach that often results in 
unnecessary inspections and repairs. 
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FATIGUE LIFE BEHAVIOUR OF 
COMPOSITE STRUCTURES 

by 

W. Brocker and K. Woithe 
lABG 

EiasteinstraBe 
8012 Ottobninn 
Germany 


SUmUAT 

Th« |•n«ral fatigue behaviour of coa- 
poalte structures Is presented. The 
verification and certification philo¬ 
sophy, depending on the special be¬ 
haviour of this aaterlal, Is shown. On 
this basis a lot of structure tests 
were carried out at lABG, taking test 
paraaeters such as daaages, envlron- 
aental influence, load conditions etc. 
Into consideration. The suaaary of 
these tests Is presented. 


1. IHTROOaCTION 

To ensure the operating safety of air¬ 
craft structures, coaponents of air¬ 
craft and even coaplete airfraaes have 
to undergo fatigue life tests. Caused 
by the fatigue sensitivity of aetals, 
this philosophy is undisputed for air- 
fraaas aanufactured of this aaterial. 
With coaposita structures on the other 
hand, the necessity of such an axperi- 
aantal fatigue life verification is 
disputed, because several investiga¬ 
tions show an insensitivity of this 
aaterial to fatigue. Even test results 
are known, which show an iaproveaent 
of the coaposita aaterial through the 
applied load cyles and environaental 
conditions. 

But the strength of coaposita structu¬ 
res shows a«isltivities on a let of 
other influences, such at Cor exaaple 
enviro n a en tal eo^ltlens, lapact daaa¬ 
ges and so on. for the certification 
of cM^osite aircraft the misting 
philesephlee therefore have to he 
re-thought md if n ee d e d be changed. 


2. OMgML fisam tmtam or ram 
utwfmem rusixcs 


Coapared with aetals, the s-n-curve of 


coaposites show another course. In 
Fig.l the fatigue behaviour of those 
two naterials is depicted exenplary 
for alualniuB (3.13S4.T3) and a coa- 
poslte (Clba 914C/T300). The curve for 
the coaposite shows the typically 
saaller gradlant than tha natal curve. 
This neans that the CFRP can bear aore 
load cycles to failure at the saae 
stress level than the alualniun. But 
on the other hand, this flatter curve 



FIG.l Coaparlson Alualniua / CFRP 
(unnotched) 


leads to a greater sensitivity of the 
coaposita against tha scattering of 
the aaterial, because a snail Increase 
of the load level leads to high reduc¬ 
tion of the cycles to failure. 

The influence of notches in a carbon 
fiber laninate /!/ is shown in Fig.2. 
In this case the notch was an open 
hole. The static conpression strength 
of the conposlte becones very nuch 
reduced by the notch, but in the re¬ 
gion of l.OBB there is nearly no nore 
difference betveen the notched end the 
plain spcclnen. This is because the 
notched specinen is very «MRsltlve 
to fatigue loads and th^forn shows a 
s-n-curve with a very snail gradient. 

Vhen there are daaeges in the lani- 
nate, the fatigue reaction of the eon- 
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posit« is nearly the sane as if there 
are notches in it. 



tMm ijmm iMm 
OyeMitMw* 


PIG.2 InllucncM ot Moteh«a and of 
th« Stress Ratio R on CFRP /!/ 

Also the Influence of the stress ratio 
'R' on CFRP Is to be seen In Pig. 2. 
'R' Is defined as the ratio betveen 
the alnlaua stress to the aaxlaua 
stress of the applied fatigue loads. 
S-n-curves for R>-S, this Mans for 
the coaprcsslon/tenslon node and for 
Ra+S, this Mans the coapresslon/coa- 
presalon aode is depicted for the 
plain and the notched speclMn. For 
both speclMn types, the lifetlM of 
the CFRP is reduced significantly sore 
by the negative stress ratio, where 
the applied fatigue stresses have a 
change of the sign, than by the po¬ 
sitive ratio. 

The previous diagraan Is valid, when 
the stresses Minly are acting In the 
plain of the fibers. But when this is 
not the case, for exaaple when there 
are out-of-plane loads and these 
loads therefore heve to be taken over 
by the Mtrlx, the coaposlte rMCts 



FX6.3 XnflMBce of Out-Of-FlaM 
loads n/ /2/ 


more sensitivelly to fatigue loads as 
can be seen in Fig. 3. The interlami¬ 
nar shear fatigue stresses, received 
with the short-bean-shear-test /2/, 
are compared with the fatigue results 
/!/ of an in-plane tension/tension 
test. It can be seen that the fall off 
of the curve for the out-of-plane 
loaded specimen begins very early and 
is auch higher than the one of the In- 
plane loaded speclaen. These results 
are typical for these loading modes, 
although in the diagrams two different 
Mterlals are depicted. 

In Fig. 4 the fatigue behaviour of a 
tension/coapression strut /3/ is 
shown. The strut was wound with carbon 
fibers. The load introduction parts 
are, as usual, out of metal. In the 
static tests and also in the fatigue 
tests with high loads the strut failed 
after relatively few load cycles in 
the CFRP part. But in the fatigue 
tests with a low stress level, the 
CFRP proved to be resistant to the 
fatigue loads and the strut failed in 
the metal part after about tenthousand 
load cycles. 



FIG.4 Tension-Compression Strut /3/ 


To investigate the Influence of com¬ 
bined load and temperature cycles, we 
tested fuselage frsM components /4/. 
The Mterial for the components was 
glasafibcr epoxy and the components 
had a length of for about 1.2 a. 

?c applied temperature cycles from 
-53*C to 72*C and at the saM tlM we 
cycled the components with the nedia- 
nical loads of a fatigM life epec- 
trum. The initial static strength and 
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FIG.S Influence of Coeblned Load- and Tenperature-Cycles 

Residual Strength Testa at 72*C after 3*30.000 Flight Hours /4/ 


the residual strength after 3*30,000 
simulated flight hours vas Investi¬ 
gated. Ve tested unconditioned (as 
received) and conditioned (at 45*C 
and 8SX relative humidity) components. 
The results are shown in Fig. S. 

There were no significant differences 
between the fatigue tests carried out 
at room temperature and those carried 
out with temperature cycles, because 
this difference was within the scat¬ 
tering of the test results. Even a re¬ 
duction of the initial static strength 
through the fatigue loads could not be 
recogniced. 

Taking into consideration all these 
results, it could be said generally, 
that the s-n-curves of composites and 
therefore the fatigue behaviour of 
this material basically is determined 
by the following factors: 

- The stress ratio R 

A change of the sign of the applied 
stresses leads to a higher gradient 
of the s-n-curve and thus leads to 
a lower number of cycles to failure. 

- The load direction 

StrcssM which act not mainly in the 
fiber direction reduce the number of 


cycles to failure (for example out- 
of-plane loads). 

- Damages, holes 

Damages and holes reduce the static 
strength of laminates significantly, 
but with fatigue loads this strength 
does not become reduced much more. 

- The fiber and matrix types 

For example glass fibers react more 
sensitively to fatigue loads than 
do carbon fibers. 

- The laminate type 

90* layers react more sensitively to 
fatigue loads than 0* layers, where 
the loads could be transferred by the 
fibers. 

- The structure 

Naturally there is an influence of 
the design on the fatigue behaviour 
of the structure. But unfortunately 
it is not possible to give a general 
statement, whether a structure type 
is sensitive to fatigue loads or 
not. And because a very,very large 
number of structure configurations 
are possible, this point is a very 
uncertain with regard to the fatigue 
behaviour. 









3. REQUIREMENTS F(« FATIGUE 
VERIFICATIONS 

For the certification of composite 
aircraft structures the military and 
the civil authorities require experi¬ 
mental fatigue verifications. Mode and 
extent of these verifications have to 
be fixed specifically for each project 
und depend upon 

- the design philosophy (for example 
fail safe or safe life) 

- the experience with similar struc¬ 
tures, received from tests and also 
from service 

- and of the general experience of the 
company which developed the air¬ 
craft. 

Official requirements like for example 
the 'Federal Aviation Regulations' 
(FAR) /5/ and additional specifica¬ 
tions like the 'Advisory Circular No. 
20-107 A' /6/ of the Federal Aviation 
Administration (FAA) only give general 
guidelines. 

The nature and the extent of the fa¬ 
tigue tests for the certification have 
to be fixed in technical negotiations 
between the authorities and the manu¬ 
facturer on the basis of a proposal 
from the aircraft company (see also 
Tab. 1 to Tab. 3). 

These fixings for the certification 
fatigue test have to contain the fol¬ 
lowing definitions: 

- The definition of the test specimen, 
this means whether a full scale test 
is to be done or whether a component 
test is sufficient. 

- The definition of the test para¬ 
meters 

■ Because the s-n-curves of fiber 
reinforced plastics show, compared 
with metals, a flatter course (see 
Fig. 1), a greater scattering for 
the lifetime of composites has to 
be taken into account. The life 
factor, this means the safety fac¬ 
tor for the lifetime simulation, 
normally is between 2 and 4. This 
factor depends upon the used load 
factor. For the fatigue life tests 
of the general aviation, the load 
spectrum usually is increased by 
the load factor 1.1. The general 
correlation between life factor, 
load factor and scattering is 


shown in Fig. 6. 

■ The loading spectrum, which is to 
be used for the tests, is to be 
defined (for example standard 
spectrum, randomised spectrum, 
flight-by-flight spectrum). 

* The test programm (sequence of 
testing, static tests with strain 
and deformation measurements, re¬ 
sidual strength test, inspections 
etc.). 

• The influence of the environmental 
conditions (temperature, humidity) 
may be examined on the fatigue 
test component itself or with cou¬ 
pon tests. 

- The definition of the dama^te tole¬ 
rance programm is to be fixed. To 
prove m^ulufactttrlng defects and im¬ 
pact damages, the location, the type 
and the number of these damages has 
to be agreed. Concerning the impact 
damages the impact energy is to be 
fixed. 



F.G.A Correlation Between Life Fac¬ 
tor, Load Factor and Scattering 


4 FATIGUE UFE VERIFICATIONS OF FRF 
AIRFRAMES 

In the recent years a lot of FRF air¬ 
craft structures have been developed 
and tested and many of these structu¬ 
res are already flying. 

In the tables 1 to 3 an overview of 
fatigue tests on composite structure 
parts and the fatigue results are 
shown. It can be seen, that at most 
of these composite structures no fa¬ 
tigue damages occured. 

For example, the fatigue tests with 
the SEASTAR wing, ALPHA-JET hori¬ 
zontal tail and of the TORNADO main 
landing gear door are presented in 
the following. 
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Tasts tor Vtmeaon of naw SBucura concepts and matanali 

Tab. 1 O v anriaw of FatIgiM Ibata on CompMlta Stnictura Parta paiformad at lABG 
Part I: Military Application 
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* OaMlapmtniTMt 

Tab. 3 Ovafvlaw of Fattguo Ibtia on CompoaHa Stnictura Parta porformad 
at MBS and Domlor (CIvN Application) 


A.l PATIGUB LIFE TEST WITH THE SEASTAR 

vmG 

A fatigue certification test was car¬ 
ried out at lABG with a wing of the 
SEASTAR C002, a two engine aircraft. 

The schematic test set up is shown in 
Fig. 7. The wing was fixed at the test 
support in the inverted flight posi¬ 
tion with-the original strut support. 
For the simulation of the flight loads 
6 hydraulic Jacks were used. The ten¬ 
sion and compression loads were intro¬ 
duced by loading trees and contour 
boards into the specimen. Two Jacks, 


simulating the engine thrust and mass 
load, were directly connected to an 
engine dummy structure. To simulate 
the maximum service temperature of 
72*C for the static tests, an isola¬ 
tion chamber was erected around the 
wing. The heat was produced by elec¬ 
tric air heaters. 

In accordance with the certification 
requirements of the authorities (LBA 
and FAA). the following qualification 
steps were performed: 

- While manufacturing the wing, some 
manufacturing defects (weak bonds) 
were artificially produced. The 



6 . 


FIG.7 Schematic Test Set Up of Seastar CD02 Wing Test 
(mounted in inverted flight position) 








front spar and the min spar became 
damaged by Impacts. 

- The finished wing vas inflicted vlth 
Impact damages. 

- Static tests at room temperature and 
72*C up to limit load j>1.0 (for 
strain gauge and deflection measure¬ 
ment and qualification of the manu¬ 
facturing defects and Impact dama¬ 
ges). 

- Simulation of tvo lives> each of it 
with 30,000 flight hours. These 
tests were carried out at room tem¬ 
perature. The loads were Increased 
by a loadfactor of 1.13. 

- Static test at room temperature up 
to limit load j>1.0 (for strain 
gauge and deflection measurement and 
qualification of the manufacturing 
defects and impact damages). 

- Static teat at room temperature up 
to ultimate load j-l.S. 

- Residual strength test at 72*C. 

The SEASTAR wing passed this certifi¬ 
cation tests succesfully /6/! 

- After simulation of the 2 lives no 
propagation of the Inflicted damages 
could be identified. Also no addi¬ 
tional defects could be detected. 

- The residual strength test vas suc¬ 
cessful up to 2,2S (22SX limit load) 

Because the test component vas not 
conditioned vith moisture, this test 
result still has to be corrected by a 
factor considering the moisture in¬ 
fluence. This Influence vas determined 
by coupon tests. 


A.2 FATIGUB LIVE TEST VTTH THE ALFHA- 
JET BK)iaZ0RTAL TAIL 

The CFRP-horisontal tail qf the Alpha- 
Jet vas tested at lABG in)a certifi¬ 
cation fatigue test. 

Fig. 8 shovs the schematic test set 
up. The horlsontal tall vas fixed at 
the original support fitting by struts 
in the inverted flight position. For 
the simulation of the flight loads A 
hydraulic jacks vere used. The tension 
and compression loads vere introduced 
into the specimen by loading trees and 
pads, vhlch were bonded on the upper 
side of the horlsontal tail. An iso¬ 
lation chamber vas erected arround 
the horizontal tail to simulate the 
required temperatures of -5S*C and 


>70*C for the static tests. The heat 
vas produced by an electric air heater 
and the cold by a cooling unit. 



FI6.8 Test Set Up of the Alpha Jet 
CFRP Horizontal Tail 

The follovlng qualification steps vere 
performed in accordance vith the au¬ 
thorities: - 

- Static test at room temperature 
(specimen as received) up to 12SZ 
limit load. 

- Static test at -55*C (specimen as 
received) up to USX limit load. 

- Conditioning of the specimen (IX 
moisture content). 

- Static test at 70*C (conditioned 
specimen) up to USX limit load. 

- Simulation of 20,000 flight hours 
at room temperature. 

- Static functional test at room tem¬ 
perature, -55*C and 70*C up to limit 
load . 

- Reconditioning of the horizontal 
tall (IX moisture content). 

- Residual strength test at 50*C at 
the conditioned specimen. 

Vith the Alpha Jet horizontal tail 
the follovlng results 111 re¬ 

ceived: 

- During the fatigue test a number of 
the countersunk holes in the leading 
and trailing edge box got delami¬ 
nations (see Fig. 9). But these 
damages proved to be uncritical for 
the fatigue test. Nevertheless these 
dclamlnations vere repaired by bon¬ 
ding potted metal vashers into the 
countersunk holes before the start 
of the residual strength test. 

- The residual strength test vas suc¬ 
cessful up to 1,65 (165X limit load). 
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FIG.9 Exanple for the Delaailnatlons in 
Horizontal Tall 


4.3 FATIGUE UFB TESTS VITB THE CFEP 
TORNADO MAIN LAMIIMG GEAR DOOR 

Fatigue tests with two Tornado naln 
landing gear doors, manufactured of 
graphlte/epoxy, have been carded out 
at lABG. 

The test vas set up In the vay that 
the door could be representative 
loaded as well in the closed as in the 
opened position (see Fig. 10). A 
hydraulic jack was used for the loa¬ 
ding. The tests were carried out in an 
isolation chamber to simulate the en¬ 
vironmental conditions (humidity and 
temperatures between room temperature 
and 100*0. 

Two main landing gear doors have been 
tested under fatigue loads, one with a 
repaired and the other with an unre¬ 
paired impact damage. Corresponding to 
the certification requirements of the 
authorities, the following test steps 
were performed. 

- Introducing of an impact damage into 
both doors. 

- Repairs of the Impact damage of one 
door. 

- Moisture conditioning of both speci¬ 
men at 70*C/8SXr.h. 

- Static tests with both specimen at 
room temperature and at 100*C up to 
limit load. 

- Fatigue test with both doors. The 
load cycles became superimposed by 



temperature cycles between room 
temperature and 100*C and by humidi¬ 
ty (for about 85X r.h.). During the 
test the gear door vas opened and 
closed. Four lifes were simulated, 
each of them with 4,000 flights. 

- Residual strength test with both 
doors at 100*C. 



FIG.10 Test Set Up of the Tornado 
Mean Landing Gear door 

In these tests the following results 
were obtained; 

- During the fatigue test no growth of 
the impact damage. 

- No damages at all, also not in the 
repair. 

- The residual strength of both doors 
vas 2.1 (210X limit load). 

A third Tornado mean landing door, 
which vas statically tested, shov^ 
the same safety factor. Thus it can be 











i 

) 



f 


i 


I 

i 



concluded that the fatigue loadings 
had no influence on the strength of 
this coaponent. 


5. SOMMART OF TBB IAB6-E1PBBIBIICBS 
FROM THE FATI6IIELIFB T8STS OH OONPO- 
SITB STROCTORBS OF TO HOV AMD CONCLD- 
SIOHS 

- If the calculation of the structure 
is perfect and when the structure 
reaches in a static test the ulti¬ 
mate load without any problems> then 
this structure shows also a go^ fa¬ 
tigue life behaviour. Under this 
prerequisite no fatigue damages 
occur without of small local and un¬ 
critical damages, mostly caused by 
the load introductions and the bea¬ 
ring application (which cannot be 
always representative) of the test 
sample. 

- When the strains in the structure 
are within the allowed region, the 
damage tolerance behaviour of the 
structure normally is uncritical, 
this means that no damage growth 
occurs. 

- A negative influence of the environ¬ 
mental conditions (temperature, hu¬ 
midity) on the fatigue life beha¬ 
viour could not be recognised. 

But in spite of these good experiences 
with composite structures in lifetime 
tests, we think that also in the fu¬ 
ture it cannot be done without fatigue 
tests because: 

- In many cases there are still combi¬ 
nations of metals and composites in 
the structure, and it is possible, 
that this structure then failes by 
fatigue loads in the metal part. 

- The metal fasteners In bolted or 
riveted Joints nay become critical, 
also bonded Joints (shear stresses). 

- Out-of-planc fatigue loads often 
proof to be very critical for com¬ 
posites. To detect these loads in a 
theoretical way is nearly not possi¬ 
ble or very costly. 

- There is a very, very vide design. 
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manufacturing and material variety 
and it is always possible that one 
of these parameters proves to be 
critical on fatigue. 

- Structure anomalies and design mis¬ 
takes can never be excluded. 

- The Introduction of new design and 
manufacturing philosophies and 
technics bring new risks, which can¬ 
not be estimated without tests. 

Nevertheless the mode and the exten¬ 
sion of the fatigue tests always have 
to be adjusted according to the exten¬ 
ded and improved expertise. Ve see 
here the following possibilities: 

- Fever fatigue tests with large com¬ 
ponents may be carried out, for 

example 

* no fatigue tests with movable sur¬ 
faces like rudders and flaps, etc. 

* reduction of the fatigue tests 
with the empenages (horisontal 
stabilizer and fin), when the sane 
design and material was experimen¬ 
tally verified with a wing or with 
other empenages. 

- The main focus should be put on fa¬ 
tigue tests with subcomponents or 
critical structure areas. In this 
way normally the number of the speci¬ 
men is increased and thus it is pos¬ 
sible to create statistics. These 
subcomponents may be 

* vlng-fuselage-connectlon 

* load introductions in high loaded 
structures 

* other critical structure areas 
such ascross section change, pa¬ 
nels with big open holes, high 
stress areas etc. 

- Simple tests without the simulation 
of environmental influences. 

- Short test tines by using the load/ 
life factor assessenent. 



'i 
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BDMMARZ 

This paper describes the parasetrlc 
approach being pursued for the developeent 
of the teat spectrus for the CP-18 center 
fuselage. The paper provides an overview 
of the P/A-18 International Follow-On 
Structural Test Prograa (IFOSTP) with 
esphasia on spectrua developeent. The 
specific technical eleeents of the 
spectruB developeent task are Introduced 
and detailed inforeation is provided on 
the CF-18 usage eonitorlng systea, the 
approach to usage processing and the 
eanoeuvre identification eethodology which 
Is forelng the basis of the paraeetrlc 
approach to CF-18 spectrua developaent. A 
specific exaaple of the aanoeuvre 
identification process is provided and 
recoaaendations for future aonitoring 
systeas are offered. 


BACROBoaMO 

with respect to aircraft structural 
design, there has been an explosion of 
technology. More flexible design 
requireaents, for exaaple, the USAF Nil 
Prime approach [1], allow advantage to be 
taken of new developaents in aaterlals, 
aanufacturing processes, control systeas 
and structural optiaization techniques. 

Integration of new software systeas 
[2], which allow a aultl-disclplinary 
approach to structural optiaization, has 
resulted in iaproveaents in aircraft 
perforaanca and reductions in production 
costs. Sensitivity analyses are 
perforaed as part of this process, 
however, the risk of increased sensitivity 
to structural daaage if the aircraft is 
operated off-design reaains. 

This situation is exacerbated for 
aircraft with digital flight control 
systeas (DFCS), particularly fighter 
aircraft. The local stress histories at 
critical areas of these aircraft are 
dependent not only on the role/aisslon 
siailltude to design but also on the 
assuaptlons with respect to polnts-ln-the- 
sky (PITS) at which aanoeuvres are flown 
and the control algorithas used by the 
aircraft to fly these aanoeuvres. Mhile 
the pilot coaaand and the rigid body 
notion of the aircraft nay be essentially 
identical for the sane aanoeuvre flown at 
two disparate PITS, the flight coainiter 
decides the aoet optlana control notions 
to accoaplish the aanoeuvre. An exaaple 
is a roll at low dynaaic pressure which 
has a high aileron input and the saae 
Bsnoeuvra at high dynaale prassuro whidi 
nay be accoapllahod prudeninantly by 
differential wp sn nsgs oontrol aoveaants. 
The resulting streas/stzaln distributions 
are quite different. 


The coabined effect of changes in 
roles/aisslons and in-service refinsaents 
to the control algorithas to gain optiaua 
perforaanca, can invalidate the 
engineering data originally used to 
establish the static, fatigue and daaage 
tolerance response of the aircraft. 

Another inportant variable is pilot 
technique. DFCS offer the pilot increased 
aanoeuvrabllity that fighter pilots are 
quick to discover and use. The frequent 
use of high angle of attack aanoeuvres by 
the CF-18 and F-16 aircraft are exaaples 
of this increased aanoeuvrabllity. These 
techniques, while effective froa a 
perforaanca viewpoint, can introduce new 
load cases or increased frequency of 
assuaed load cases, to the detriaent of 
the structure. 


Aircraft usage aonitoring has also 
aatured. Sophisticated aulti-channel 
recorders are able to capture tine-based 
strain reversals, acceleroaeter peaks and 
valleys, control positions, and aircraft 
configuration and flight condition 
paraasters. These latter systeas are 
fundaaental to the aaintenance of an 
effective fleet tracking prograa for 
nodem aircraft with DFCS. The 
sophistication of these systeas and the 
large anount of data arising froa even one 
flying hour raises new technical issues. 
Data handling, cataloguing and storage are 
expensive and tine consuning. Data errors 
can be subtle and require elegant 
validation techniques which add to the 
general costs associated with data 
tracking. Maintenance of transducers, 
strain gauges, and the hardware and 
software of the systea itself is an 
additional burden to the field operators. 

There are also challenges froa the 
viewpoint of spectrua developaent. 

Several issues Bust be addressed in 
developing spectra froa this data. 
Generation of usage statistics in tabular 
or graphical fora is relatively 
straightforward, particularly if the data 
is analyzed and collated as it arrives at 
the data processing facility. These 
statistics provide an excellent suaaary of 
usage and allow direct qualitative and 
quantitative coaparisons to the design 
assuaptlons. The aaount of data is 
voluainous, for exaaple, each CF-18 yiulds 
about 25 Megabytes of usage data par year. 
Typically, after initial analysis, the 
data froa an individual aircraft is stored 
to SOBS Bans storage device such as tape. 
Therefore, if soae aspect of usage is to 
be investigated that is not a part of the 
general data reduction and collation 
process, it is a tins consuning process to 
idsntify the data snpla to bo 
investigated, re-establish a c io s ss to it, 
verify that all rsqusstad data has bsen 





7-2 


retrieved and perfora the analyala. “Ihla 
issue is becoming less of a constraint aa 
computer hardware and software systems 
improve. 

The greatest challenge is in deriving 
a representative sequential usage 
spectrum. Depending on the data 
collection philosophy adopted for a 
particular monitoring system, the 
derivation process say be based on the 
direct strain/loads monitoring of critical 
areas or on the Interpretation of 
sequential flight control and response 
data t3]. Both approaches have their 
philosophical advantages and their 
technical disadvantages. Direct 
monitoring of strains automatically 
adjusts for changes in role and 
configuration. It provides a direct 
indication of the stress sequence for the 
critical area in question and allows the 
most accurate derivation of its usage. 
Disadvantages Include the difficulty in 
extrapolating the data to determine stress 
histories in alternate areas, the 
serviceability and stability of the strain 
gauges, and the requirement to calibrate 
the system. 

Parametric monitoring offers the 
advantage of allowing the loads sequence 
to be calculated for any location in the 
structure. In practice, this la an 
extremely difficult task and requires 
knowledge of external aerodynamic 
distributions, inertial distributions, the 
motion of the aircraft and the control 
surface inputs that caused this motion, 
with this knowledge, external load 
distributions in terms of bending moment, 
shears and torques are derived that can be 
used to calculate stress histories at 
critical areas. This is a daunting task. 

In practice, a hybrid system which 
uses both strain data and aircraft 
parameters is recommended. This allows a 
closed loop approach to be used in that 
there is some matching of strain histories 
with actual aircraft manoeuvring for the 
first approach and soma matching of actual 
and calculated strain histories for the 
latter. In addition, to simplify the 
analytical requirements associated with 
the parametric approach, it is possible to 
associate systematic parameter variations 
with defined manoeuvres. In this way the 
process of parametric analysis can be 
reduced to tha identification and 
characterisation of manoauvras and tha 
stress darivation process can be directed 
towards these specific manoeuvres. This 
is the approach adopted for tha CT-IS 
spectrum davalopawnt task for tha canter 
fuselage. 


ivom noomHomnsm 

The Canadian Forces (CF) and the 
Royal Australian Air Force (RAAF) are 
pursuing joint follow-on structural test 
programs of the F/A la Bomet aircraft 
[«]. Thla program, tormmlly called the 
International Follow-On structural lost 
ProgrM (IFOSTF), uea estiUillalied aCter 
joint reviaw of RAAF and cr fleet usa ge 
statiatiea and an avaluatlon of theme 
statistics against tha eoMlianoa teeting 
and analysis programs carried hy Oie 
'•anufaeturmr. 


The Aeronautical Research Laboratory 
in Australia is responsible for the 
development of an aft fuselage and 
empennage spectrum and the accomplishment 
of an aft fuselage and empennage test. It 
is planned to apply dynamic loads and 
manoeuvre loads simultaneously. The test 
is further complicated by a marked shift 
in the dynamic spectrum as a result of the 
installation of a fence on the leading 
edge extension (LEX fence) that will 
necessitate a spectrum change during the 
test. 

In Canada, Bombardier Inc. will be 
performing a center fuselage test using a 
spectrum developed by the Institute for 
Aerospace Research (formerly the National 
Aeronautical Establishment) of the 
National Research Council. It is planned 
that the Institute for Aerospace Research 
(lAR) will develop the spectrum and 
conduct a wing test. 

This paper will focus on the approach 
used by the lAR to define the center 
fuselage test spectrum. 


SENSRAL APPROACH TO CF-IB BPBCTROli 

OKTihanam- crmtbr woattM* 

The CF-18 aircraft has a digital 
flight control system designed to maximize 
performance and maintain stability. It 
has some "carefree manoeuvering" features 
that inhibit overstressing the aircraft. 
The primary flight controls consist of 
ailerons, horizontal stabilators, rudders 
and leading and trailing edge flaps. The 
control system takes inputs from the pilot 
and from sensors measuring selected 
aircraft parameters and then initiates the 
most appropriate control surface movements 
to respond to the pilot's demands and 
still maintain stability. As discussed, 
this means that at different PITS, the 
sane manoeuvre nay be accomplished by 
different control movements. This results 
in different external aerodynamic load 
distributions which in turn means 
different internal loads distributions. 

Each CP-18 aircraft is equipped with 
a Maintenance Signal Data Recording System 
or MSDRS. This system continuously 
samples and records flight, engine and 
systms parameters as well as seven strain 
channels on a magnetic tape cartridge. 

For most aircraft parameters of interest, 
the recording rata is once per second. 

The limited strain data and tha difficulty 
in developing relevant transfer functions 
negated full reliance on a direct 
monitoring approach for tha canter 
fuselage and wing spectrum develo p si e nt. 
Instead, a hybrid parametric approach was 
adopted which makes axtanslva use of tha 
aircraft flight parameter data and 
available strain data to identify 
manoeuvres. This approach ancountared 
soma difficulties because of the low 
sampling rates tor soma parmmaters. For 
example, roll rate is measured only once 
per second and roll acealarations are not 
measured at ell. To rodnea tha task to 
sanagabla dimensions, it was decided that 
approximately lOd hours of NBDM data 
re p r a s sw tativa of CF/RAAF operations would 
be rtubjscted to a detailed parwatrie 
analysis and this data bama would be 






7-3 


Idantiflad by rafaranc* to ganaral fleet 
statistics. 

Tha spactrua developaent prograa is 
discretized into the major eleaents shovm 
in Table 1 [5]. 


•M TMMK 

D.A Usage Processing 
D.B Data Analysis and Review, 
Qualitative 

D.C Data Analysis and Review, 
Quantitative 

O.D Ground Loads Analysis and 
Review 

D.E Internal and External Loads 
Distributions 
D.F Spectrun Generation 
D.G Spactrua Sensitivity Studies 

Table 1: Task Breakdown 


The Usage Processing Task encoapasses: 


i) the developaent of read, 
check and analysis 
capabilities for MSDRS 
data; 

li) tha identification of the 
aost appropriate criteria 
for evaluating the wing and 
center fuselage usage) 
ill) the generation of CF fleet 
statistics for wing and 
center fuselage; and 
iv) the generation of CF fleet 
statlstlce for the aft 
fuselage and eapennage. 


Finally, approximately 300 hours of MSDRS 
data whose general statistics are 
representative of the type of operations 
the CF fleet aanagers wish to be 
represented by the IFOSTP test, will be 
selected for paraaetric analysis. Tha 
RAAF will provide a slailar data base 
representative of their operation. 


Under the task, Data Analysis and 
Review, Qualitative, a qualitative review 
of CF-18 and RAAF F/A18 usage was 
Initiated. Tha purpose of this review 
was to develop an understanding of tha 
squadron operating techniques and tha 
pilot procedures that nay have an affect 
on the interpretation of the numerical 
data from tha HSms. All operating 
squadrons in Canada and Australia were 
surveyed and detailed interviews of 
squadron pilots ware carried out. Using 
the inforaatlon froa tha interviews and 
the flaat/aquadron statistios froa the 
contractor MSntS data reduction, a 
qualitative indication of aanos n vre/ 
nission frequencies and distributions was 
developed and used to provide a 
pralininary estiaata of the aost fatigue 
daaaglng operating eoaditlens. The aost 
specific cOTolualon was the coaflraatlon 
that tha PITS at whi^ a aanoauvra is 
flown has a si^iifirant effeet on CP-U 
loads. Wide variations in peak wing root 


strain ware found for tha saae syaaetrical 
"g* aanoauvra at different speeds aiid 
altitudes due to the DFC8 resp<mse to 
variations in speed and altitude [6]. 
since RAAF usage must also be considered 
in developing the spactrua, a second goal 
of this activity was to compare the 
operating procedures and nission codes 
used by the CF and RAAF and develop a 
noraalized nission coda systea that can be 
used for direct conparlson of 
mission/role/nanoeuvra distributions [7]. 

The most technically Innovative 
activity is the developaent of aethods for 
nanoeuvre identification. This work is 
being done under the Data Analysis and 
Review, Quantitative task. The object of 
this task is to quantitatively identify 
and rank the fatigue daaaglng manoeuvres 
flown by the CF-18 and the RAAF F/A 18. 

It consists of a series of interrelated 
work packages that will lead to a 
capability of perfomlng paraaetric 
analyses of the 300 hour MSDRS data bases 
identified under the Usage Processing 
task. Tha objectives of these analyses 
are to Isolate and count damaging 
manoeuvres and to categorize then with 
respect to specific parameters such as 
points-ln-the-aky and configuration. 

There are two priae activities; 

i) the developaent of the 
capability to isolate 
selected aanoeuvres from 
the MSDRS tape records; and 

ill the use of this capability 
on tha selected Msms 
records. 


The final product is the Identification of 
the critical aanoeuvres and a listing of 
these manoeuvres in an order of occurence 
for test spactrua developaent. It should 
be noted that a conservative approach will 
be taken in that even coaparativaly low 
damage aanoeuvres will be considered since 
final selection of truncation and clipping 
levels will occur under a separate task 
known as Spactrua Sensitivity Studies. A 
detailed description aixl pralininary 
results obtained froa this work term the 
basis of this paper. 

Ground aanoeuvres (which include 
ground and taxi loads as well as landing 
and takeoff loads) are being considered 
separately uixler tha GrouiWl Loads, 

Analysis aixl Review task. The MSDK8 
system dons offer soae data that allows 
the general description of landiiMfs in 
boras of sink upmmdm and landing 
configuration, but these data do not 
directly relate to a loads sequence tor 
the undercarriage. Ho inforaatlon is 
available on grouiM handling loads. 

Currant efforts are directed towards the 
collection of data froa flight test 
prograas in Australia and Canada. The 
output of this activity will be the 
identification of critical areas and 
ground aanowvra cases for censlduration 
in the developaent of the tut speetrua. 

Tha tuks described thu tar will 
lud to the idantltlutlon of aaneauvru 
and the order in which they ooear tor uch 
nission. Thera is a raqalraasnt to 
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translate thsss sanoeuvros into osquontlal 
balancod loads conditions In tsxss of 
bonding aoasnts, shoars and torquss from 
which tho tast rlq can bo doslgnod. ‘nils 
work, idontlflod as Intomal and Bxtamal 
Loads Distributions, Is tho rosponsiblllty 
of Bonbardior Inc. To accoapllsh this 
task, inortlal and aorodynaslc loading. 
Including tho offoct of control sovesonts, 
must bo dotormlnad for oach critical 
aanoouvre. Nhoro possible, existing data 
from the design Iterations will be used. 
The other sources of data that will be 
used Include flight test data 
(manufacturer, RAAF, and CP), wind tunnel 
data, and aerodynamic analyses. This Is a 
complicated, expansive and time consuming 
task and efforts are being directed to 
defining criteria tor the grouping of like 
manouevres and reducing the number of 
manoeuvres that must be analyzed. An 
important consideration In this grouping 
study Is the control law boundaries from 
the DFCS because of their affect the 
strain distributions. 

The final tasks are Spectrum 
Generation and Spectrum Sensitivity 
Studies. The Spectrum Generation task 
will finalize the order of missions and 
the order of manoeuvres within each 
mission. The actual order of flights and 
missions from the HSORS representative 
data base will fora the basis of the 
spectrum. The purpose of the Spectrum 
Sensitivity Studies task Is to carry out 
parametric sensitivity studies of the CF, 
RAAF and the final test spectra. These 
studies include both analytical modeling 
and coupon tests. Issues to be 
investigated include truncation and 
clipping levels, cycle class/manoeuvre 
elimination, retirement for marker 
blocks, and sensitivity to changes in 
stress level. Tests using the 
manufacturers design fatigue test spectrum 
will be performed as a baseline for 
comparison. 

The test and analysis methodologies 
determined during this Task will form the 
basis of the follow-on Crack Growth 
Methodology work that will Investigate 
other issues such as sensitivity of 
fracture analyses to variations in mission 
mix and PITS distributions. 


CF-is MAiamMKi sioaL mn BSooiniM 

STam 

The RSDRS was developed by McAlr to 
provide fatigue usage, flight Incident 
records, engine usage data and associated 
maintenance data. The system Is used on 
the AV-8B and EA-6B, as well as the F/A- 
18. Components of the system comprise an 
on-board processor and a data recorder 
that writes to a magnetic tape cartridge. 

A ground station is used to strip the data 
from the cartridges and make It available 
for engineering use. 

Various parameters are grouped 
together in HSORS messages and identified 
by record codes. These messages are 
recorded when triggered by an exoaedence 
of a threshold on selaeted diannels. The 
fatigue Cede 49 is triggered when the 
normal aceelerstloa reaches a peek or 
valley, other codes are triggered by 
engine events or e sapons release. (Rote 


that several messages may be triggered by 
the same event such as a landing. If this 
happens, there is a hierarchy for defining 
the recording seguence. Data can be lost 
if the number of massages stacked exceeds 
the buffer size). The flight incident 
record (Code 46) is written every second, 
whilst the continuity message (Code 120) 
that contains the state of the weight-on- 
wheels switch, is recorded every five 
minutes and at take-off and landing. A 
list of codes that are pertinent to the 
CF-IS fatigue load spectrum development is 
given in Table 2. All recorded data are 
time related. 


RBOORD DISCRIPTIOM 

CODB 

4 Fatigue Monitoring - 

Weapons inventory 

21 Recorder Initialization 

22 Recorder Summary Message 

31 Engine Data Life Cycles 

46 Flight Incident Records 

47 Fatigue Landing 

48 Fatigue Monitoring 
Initialization 

49 to 62 Fatigue Sensor Peedcs and 
Valleys 

65 Configuration Message 

120 Continuity Data 


Table 2! MSDRS codes used for usage 
processing and manoeuvre 
identification. 


The MSDRS records used for usage 
processing are Codes 4, 46, 47 and 49 to 
62. The parameters of interest are given 
in Tables 3, 4, and 5. 


parameter Frsgnsney(RB) 


IAS 1 

Pressure altitude 1 

Roll rate 1 

Angle of attack 1 

Longitudinal stick position 1 

Lateral stick position 1 

Rudder pedal position 1 

Hormal acceleration 1 

Fuel quantity 0.2 

Control surface positions 0.2 


Table 3: Flight Incident Parameter 

List. 


Normal acceleration * 

Forward fuselage strain * 
wing root strain 
wing told strain * 

Left stabilator strain * 

Right stabilator strain * 

Left fin root strain * 

Right fin root strain * 

Fuel quantity 
TA5 

Altitude 
Roll rata 

*FBtigua sensor Triggered 
Parameters recorOmd on every peak 
valley of theae paramaters 

Table 4: Fatigue Senaor Triggerad 
Parameter List. 
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Max. n 2 * 
aircraft weight 
Max. vertical velocity * 
First weight'on*-vheel8 
Max n 2 H * 


^These paranetera are the eaximum 
values in the 2.05 seconds before 
weight^on-vheels. 

Table 5: Landing Paraneter List. 


nSAOl PSOCI88I1IO TM8K. 

MSORS data reductution of the CF-18 
fleet is carried out by Bombardier Inc. 
using the Structural Life Monitoring 
Program (SIMP). This system takes MSORS 
files as input and performs data quality 
checks before outputting quarterly reports 
on fleet statistics. The lAR used the 
Fatigue Life Expended Indices (FLEI) from 
the SIMP reports to select a sample of the 
fleet on which a more detailed usage 
analysis is currently being carried out. 
This sample is made up of data from four 
aircraft from each CF squadron, two with 
"average" usage and two with "severe" 
usage based on the squadron mean FLEI 
rate. This will provide an indication of 
the variability of the usage across each 
squadron. Other criteria considered in 
the selection were: 

I) a dual seat aircraft was to be 
included in each of the average 
pairs for the predominantly 
"single seat" squadrons and a 
single in 410 squadron (the 
OTC); 

II) each aircraft was required to 
have been in the squadron for 
the whole of the sample period; 

iii) the aircraft used for flight 
test were not included; 

iv) the aircraft were not to have 
received special fatigue life 
management procedures; 

V) the squadron must have been 
established at least 6 months 
prior to the sai^tle period. 

As discussed, the aim of the Usage 
Processing Task is to develop an NSDRS 
database of approximately 300 hours of 
flying (250 sorties) representative of the 
usage severity the CF and RAAF want 
simulated on the test. Three hundred 
hours is the typical annual cycle for the 
CF-18 and is also consistent with the 
block site used by the manufacturer*s full 
scale test. Separate data bases 
representative of usage prior to and after 
the fitment of leading e^e extension 
(LBX) fences are required. Figure 1 
illustrates the methodology being used to 
identify the data base(s) necessary for 
the parametric analyses. 


The raw HSDRS data for each of the 
thirty-two aircraft selected was processed 
at lAR to give four data files for each 
flight. Two of these files contained the 
flight incident records, one the fatigue 
code output and the fourth a summary of 
the stores carried/released and the 
landing parameters. These four files are 
the basic input for all the lAR developed 
usage processing and manoeuvre 
identification software. 


The usage analysis of these aircraft 
included generating n 2 exceedance tables, 
PITS tables, strain gauge peak-valley 
tables and roll rate exceedance tables 
grouped by IFOSTP mission code. 

Statistics for squadrons and the fleet are 
obtained by summing the individual 
aircraft tables. Initial examination of 
the strain gauge peak valley tables 
indicated that some aircraft had 
unserviceable gauges. These aircraft 
would not be included in the final 
database for manoeuvre identification. 

The baseline usage for spectrum 
development, most likely from the squadron 
with the worst average usage, will be 
selected by studying the n 2 , end roll 
exceedances whilst ensuring that the 
mission mix is similar to the balance of 
the fleet. It should be noted that while 
each CF squadron has either air defence 
or strike as their prime task, each 
maintains currency in the non-prime task 
and therefore all scpiadrons fly all 
missions. An additional ten aircraft 
from the baseline squadron will be chosen 
to form the data base from which the final 
selection of missions will be made. The 
aim was to get a block of flights, not 
necessarily all by the same aircraft, that 
is representative in terms of stores 
configurations and mission mix. 


PARANBTRXC AFPROACB TO MAIIOBUVRB 
IDSMTIPICATXOM 

The CF-18 NSDRS recorder offers 
aircraft parameter and fatigue data that 
can be combined in a time ordered 
sequence. With reference to this data 
file, manoeuvres are defined as having 
occurred when significant parameters 
exceed defined threshold values. A series 
of standard manoeuvres are defined based 
on conon descriptions used by the 
design/manufacturer and operator 
communities. A "Non Standard" series of 
manoeuvres has been added to handle linked 
manoeuvres. A description of each 
variation has been prepared to enable each 
manoeuvre to be characterised (8). Also, 
simulation models which use the KSURS 
flight incident data file as input, have 
been developed to allow a visual 
presentation of a flight for detailed 
examination of manoeitvres. Table 6 lists 
the manoexivre types inquired to describe 
the usage of the CP-18. 







Figure 1 Data Processing Task 
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Standard Typaa 

■aaa Daseriptlon Coatant 

Turn LinXed roll, pull, Roll Cycle, 

opposite roll g cycle, 

roll cycle 

Pull Fron "Ig to g peak, g cycle 

back to 'Ig 

Push FroB 'Ig to g nln, g cycle 

back to 'Ig 

Rolling Pull and roll roll cycle 

Pull (roll with g) (optional), 

roll with g, 
roll cycle 
(optional) 

Roll Start than atop roll cycle 

roll 

Mon standard Types 

Hana Dasorlptlona Content 

Extended Pull with nore repeated g 

Pull than one g peak cycles 

AOA AOA alone above no slgnlfl- 

Excurslon threshold cance for 

center fuse* 
lage fatigue 

Roll Roll sane dlrec- repeated roll 

Seguence tlon with changing cycles 
rates 

Rolling t Linked rolling and roll cycles 
Pulling pulling, no roll + g cycles 
w/g repeated 

Roll Roll with g. Bore roll cycles 

with g than one g peak or with g 
■ore than one roll cycle, 

rate peak optional roll 

cycling, g 
cycles 

Roll then Roll linked with roll cycle. 
Pull pull g cycle 

Pull then Full linked to g cycle. 

Roll roll roll cycle 


Table 6: Hanoeuvre Categories 

and Description 

Within the autoaated process, additional 
description Is added to the Identification 
report to flag unusual events such as 
abrupt aanoeuvres, high angles of attack, 
and/or unusual changes In speed or 
altitude over the course of a aanoeuvre. 

Detailed review of HSDRS data and 
coincident flight test data has shown that 
■ost of the non-standard fighter 
aanoeuvres typical of air coabst 
aanoeuvring and ground attacics are 
coabinatlons of the basic eleaents of the 
standard aanoeuvres. For exaaple, a 
typical basic fighter aanoeuvre such as an 
laaelaann repositioning turn Involves a 
syaaetrlc pull to the vertical, an aileron 
roll on the way up, a pull to level fli^t 
and a ISO degree roll back to wings level 
and upright. The goal of this work is to 
define basic aanoeuvre eleaents and to 
discretlxe the aanoeuvres froa the 
representative data base into coabinatlons 
of these basic elwMnts. This grouping Is 
vital to the econoalc deterainatien of the 
balanced loads conditions and to the 
definition of a realistic nuaber of load 
lines for the test control systea. 


HAMOBOTRB CHARACTERIMTIOH AMO 
IDBMTXPIChTIOM 

Manoeuvres aay be characterized by 
describing the seguence and nagnitude of 
significant paraaeters, such as roll rate 
and g level. For exaaple, a syaaetrlcal 
pull will involve soae alniaua start g 
(le. near Ig), a g peak (over a defined 
threshold value), followed by a alniaua 
end g (again near Ig). Roll rate will be 
insignificant throughout the aeuioeuvre. 
Another coaaon basic aanoeuvre Is a turn. 
The aircraft is rolled and checked as the 
g rises to a peak value. The peak is held 
as long as desired. The g drops down fron 
its peak as the aircraft is rolled back to 
level. Both roll rates and g peak must be 
over the appointed threshold values. 

A two part approach Is used to 
identify aanoeuvres. First, the data is 
scanned and screened to identify tine 
slices in which aanoeuvres are not 
occurring. This is done by identifying 
the tiae slices when the roll rate is near 
zero, the angle of attack (AOA) is below 
10 degrees and the g is approxiaately 1. 
All other tine slices contain soae sort of 
aanoeuvre. To alininate insignificant 
aanoeuvres, threshold (or dead) bands are 
established around the zero roll rate and 
Ig levels. If the paraaeters are within 
these bands, no aanoeuvre significant for 
fatigue is occurring. Current bands are o 
+/-20 deg/sec and Ig +/-lg for roll and g 
respectively. These values are very low 
and will be revised upwards as nore 
analyses and coupon tests are carried out. 

A logic process is used to set a flag 
whenever g, roll rate, and/or AOA exceed 
the defined thresholds. Thus, individual 
roll cycles, g cycles or AOA cycles will 
be identified if they rise above, then 
fall below the threshold values while the 
other paraaeters reaain within the 
thresholds, with the active tiae slices 
identified, the second part of the process 
begins. Each tine slice is evaluated by 
testing for g ranges, noting roll 
directions, calculating roll-through 
angles, the seguence of roll rate and g 
peaks and valleys. Manoeuvres are 
identified by coaparing the observed data 
against the predefined aanoeuvre 
characteristics. Data required to 
coapletely describe the aanoeuvre is sent 
to an output file. Figure 2 presents an 
overview of the Identification logic. 

Rate of change of g and roll 
acceleration are calculated by 
differentiating the g and roll traces 
respectively. With the low recording rate 
for these paraaeters, this differentiation 
can be very inaccurate if only the 
discreet data points froa the HSUtS are 
used. Coaparlson to detailed flight test 
data has shown that the slope of the 
straight line joining two discrete data 
points can underestiaata the rate of 
change of g and roll accelerations by a 
factor of three. Results of this 
derivation can be iaproved by pertoralng a 
cubic spline fit [9] of the initial g and 

traces before derivation. This 
procedure has been successfully applied, 
and coaparleons between HSDRS and detailed 
flight teat data show a aaxiaua 
discrepancy of 38% and an average 
discrepancy of within 10% of actual values 






Figure 2 Manoeuvre IdentUlcailon Logic 





and tine of occurrence. Fortunately for 
the derivation of the roll acceleration 
values, extra roll rate data is often 
recorded at tines of roll initiation and 
roll check as the trigger values 
associated with the strain gauges on the 
aft fuselage are exceeded. This inproves 
the roll rate splining process, 
particularly in the tine frame of most 
interest, and therefore inproves the 
accuracy of the derived roll acceleration. 


MXMOBUVRB DB8CSIPTI0M 

The goal of the manoeuvre description 
is to convey the information necessary to 
determine the significant aerodynamic and 
inertial loads on the test article. For 
each identified manoeuvre, this includes 
the following: 

- Manoeuvre type 

- Configuration 

- Fuel Quantity 

- Point-in-the-sky (altitude and 
speed) 

- Roll data - peak rates 

> peak accelerations 

- roll-through angles 

- roll directions 

- roll with g data 

- g data 

- g peaks and valleys 

- g onset (max rate of change 
of g) 

- AOA data 

- Stick positions 

- extremes of position 

- lateral and longitudinal 

Table 7: Manoeuvre Categorization 
Information 

To quantify fleet usage, a set of 
representative MSDRS files will be 
scanned. The significant data listed 
above will recorded for every manoeuvre. 
Using the mission type identification 
codes assigned to each file, a database on 
each mission type will be prepared. The 
different missions will be assembled into 
a sequence of approximately 250 missions 
representing about 300 hours of flight. 
This data base will be used to determine 
the load sequence applied to the test 
article. 


BZAMPLB OF NAMOBOyBB XOBlfTXFZCBTlOlf 
- $.75 g Turn 

This example of a high-g turn is 
taken from early in a CF ACM mission. The 
manoeuvre identification process first 
eliminates the inactive part of the flight 
by determining periods of g, roll and/or 
high AOA activity. In this case, a roll 
precedes a g excursion which is followed 
by another roll opposite in direction to 
the initial roll. This is the typical 
sequence expected for a turn. At no point 
is there a significant roll rate (>20 
deg/sec) while g is over 3, trhich is the 
current transition point to the *'rolX with 
g" manoeuvre description. Mevertheless, 
the initial roll-in, pull and final roll¬ 
out are seen as "linked" since the finish 
of the roll-in overlaps the start of the 
pull, and the roll-out begins before the 
pull is completed. 


The pattern is clearly illustrated in 
Figure 3. This displays some of the 
significant parameter traces for the 12 
seconds over which this manoeuvre occurs. 
The initial roll-in is seen on the roll 
rate trace, the negative value 
corresponding to a roll to the left. The 
roll rate is checked back to about zero, 
as simultaneously the g begins to rise 
(see the Nz trace). The pilot has banked 
his aircraft, and is now pulling the g. 

In this ACM manoeuvre, as the pilot held 
the pull, he allowed the speed to bleed 
down by 125 knots and the AOA to rise to 
about 25 degrees. After holding the g for 
several seconds, he released back pressure 
on the stick and rolled out back to the 
right, as seen on the roll trace. 

Table 8 shows the Flight Incidence 
data that was recorded once per second by 
the MSDRS system during the manoeuvre. 
Table 9 shows the Fatigue Triggered data 
that was recorded upon strain reversals 
and upon g peaks and valleys over the 
course of the manoeuvre. This data is 
sampled at a rate of 20 Hz, and thus the 
minimum step between data points is .05 
sec. There is also some duplication as 
different gauges reach peak or valley 
strains simultaneously. There were 16 
unique lines of data recorded for this 
manoeuvre, out of 24 triggered. 

Table 10 presents a summary file 
pulling the Flight Incidence and unique 
Fatigue Triggered data together. It is 
upon this data that the manoeuvre 
identification routine (Figure 2) is 
applied. The fatigue triggered data 
includes only time, Nz and roll rate 
information. There is no roll 
acceleration or rate of change of g 
information recorded. The values shown 
are derived by differentiating a curve fit 
to the data points by a cubic spline 
interpolation routine [9]. The routine 
selected does not produce spurious 
inflection points or overshoots; it merely 
fits the existing data with a smooth 
curve. 

Table 11 presents the detailed 
version of the manoeuvre identification 
output for this manoeuvre. The header 
contains a summary of the pertinent 
information required to define, in this 
case, a turn. The start and end times are 
listed , as are the initial g valley, 
maximum g peak and final g valley. The 
roll-in information includes the maximum 
initiation acceleration, maximum roll rate 
and maximum check acceleration. The same 
information is provided for the roll-out 
at the end of the turn. Bank angles are 
calculated by integrating the roll trace. 
What follows the header Is a time- 
sequenced list of all relevant parameters. 
Only extreme values (turning points) are 
listed, in addition to the Initial and 
final parameter values (in this case at 
1368.05 and 1360.0 seconds from take-off 
respectively). All the parameters are run 
through a rise-fall routine to eliminate 
insignificant fluctuations. This detailed 
list also includes AOA data and stick 
position extremes. Point-in-the-sky 
information is recorded, similar lists of 
relevant data are derived for each of the 
other manoeuvre types discussed earlier. 
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TIItt 

119 

i ALT 

301 

tsta.oo 

1368.02 

303 

17408 

1.4 

1368.OB 
1308.80 

301 

17408 

1.4 

1388.00 
1308.BO 

303 

17408 

1.4 

1370.00 
1370.BB 

400 

17408 

1.4 

1371.00 
1371.8B 

400 

17030 

2.8 

1372.00 
1372. OB 

304 

17020 

0.8 

1372.IB 
1372.2B 

301 

17020 

10.2 

1372.3B 
1372.00 

370 

17030 

10.8 

1372.7B 
1372.86 

373 

17020 

12.0 

1373.00 

1373.26 

300 

17020 

12.7 

1373.46 

1373.80 

301 

17020 

14.0 

1374.00 
1374.OB 

363 

17030 

16.6 

1374.66 

1374.80 

330 

10043 

21.2 

1376.00 

1376.06 

330 

10460 

26.3 

1376.16 

1376.20 

334 

10303 

26.6 

1376.26 

1378.38 

333 

10300 

26.6 

1376.46 

1376.60 

317 

18906 

26.1 

1376.66 

1376.67 

314 

18803 

24.8 

1376.68 

1876.70 

313 

10700 

24.6 

1376.76 

1376.80 

310 

18088 

24.0 

1376.86 

1376.87 

307 

18686 

23.6 


LOIOSTK 82 

UTSTX 

80LL I2D0T KOLLDOT 


-0.2 

0.87 

-0.1 

-8 

-3.1 

131 

73 

0 

-0.2 

0,77 

-0.1 

-4 

0.1 

38 

-22 

0 

-0.1 

0.00 

-0.3 

-8 

0.3 

-36 

-71 

0 

1.0 

1.37 

-0.6 

-80 

0.8 

-2 

74 

6 

3.3 

3.08 

-0.4 

-8 

2.4 

17 

14 

8 

3.7 

6.07 

-0.3 

-8 

1.4 

10 

70 

4 

3.8 

6.83 

-0.3 

0 

0.7 

3 

-64 

4 

3.8 

6.80 

-0.2 

-7 

0.4 

4 

6 

4 

3.0 

0.04 

0.0 

-6 

0.3 

4 

4 

6 

3.1 

8.00 

0.1 

-4 

0.1 

3 

-6 

7 

3.6 

8.08 

0.2 

-6 

0.1 

6 

20 

T 

4.0 

8.34 

0.3 

4 

0.2 

13 

13 

7 

3.0 

8.33 

0.6 

8 

0.3 

0 

-66 

6 

1.8 

8.60 

0.8 

-13 

0.8 

-3 

38 

6 

1.7 

8.76 

0.8 

-0 

0.7 

-4 

-14 

4 

1.0 

6.76 

0.6 

-10 

-0.7 

3 

4 

3 

1.4 

0.67 

0.8 

-0 

-1.1 

7 

10 

2 

1.3 

8,44 

0.4 

-8 

-1.9 

8 

18 

1 

1.3 

8,33 

0.4 

-8 

-2.0 

39 

39 

1 

1.1 

8,03 

0.8 

-6 

-2.1 

39 

39 

0 

1.0 

6.78 

0.3 

-2 

-2.6 

39 

39 

0 


1376.86 

1376.07 

306 

18463 

22.8 

0.9 

1378.00 

1378.06 

304 

18432 

22.6 

0.9 

1377.00 

1377.16 

380 

17408 

16.6 

-0.1 

1377.36 

1377.70 

376 

17332 

13.0 

-0.3 

1378.00 

1378.16 

380 

17408 

8.4 

-0.2 

1378.28 

1370.68 

383 

17408 

6.8 

-0.1 

1378.88 

1378.80 

386 

17408 

4.8 

0.3 

1378.00 

1878.06 

388 

17408 

4.2 

0.4 

1380.00 

308 

17406 

4.2 

0.4 


6.49 

0.3 

-1 

-3.3 

24 

4.36 

0.3 

4 

-2.8 

18 

8 

3.98 

1.3 

4 

-0.1 

7 

-4 

3.09 

1.3 

1 

-0.8 

-11 

-2 

1.89 

1.1 

80 

-0.8 

136 

4 

3.04 

0.8 

81 

-0.6 

-80 

-18 

1.31 

0.6 

67 

0.2 

28 

-84 

1.37 

0.4 

20 

0.2 

-228 

-102 

1.40 

0.2 

0 

0.0 

-88 

84 


0 

0 

1 

1 

1 

2 

r 
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MlOUfU TYPE 


TXIfl DATA 


SPEED DATA ALT DATA E SATA 


AOLL'XI DATA 


AtHX-ODT DATA 


D.rM TDED STAET TD^ISDD.M AT SSI ATS. IMOSPT STAAT O O-TT 

EITM lOlt LETT IfD TINI'lStO.OO AT ISA ITS. tTAOfPT PEAI «• S.7S 

3.4 </SSe DDDATIM* ll.UAT ATO SSS.miSlM.rT tf» 6> t.Sl 


ADOT(IltT)* -ri. iOOTdSIT)* ISA. 
AA nut • 'SO. At Ml « SO. 
ADOT(CBBX)* 74. ADOT(CBn(}> -333. 
AOLL-II DAIA = -S8. AOLL-OOT lAII > 

BIDE AOA STSB TAAXATIOE • lift. llttTS ALIXTDDI SAAIATIQE • 3134. PUT 

DBTAIU: 

rvEL sEioR om NAiocimi • aoss li$. 


THE *1344.01 t SALLET « O.TT 4 
Tint *1SSS.0« RlllRDN AOA > 1.4 MS 

TIKE >1344.04 AOLL ACCBLBiATIOl PEAR • 34. 016/310*3 

TIRE -1344.04 EOU, EATS PEAt • -4. DE4/tSC 

TIRE *1344.04 HAlliraR LATEAAL STIC! OBPL.* -O.t IICEES 
TIRE -1344.04 RlflRDR LORSITODXEAL STICE DEPL.- -0.3 IICEES 
Tin >1344.04 RIIIRDR A4D0BE PEDAL POICB * 0.0 POOnS 

AT POin II Tn SET: ALT » ITAOS PT SPEED > 341 EtOTS UITI 6 * 0.77 

TINE *1344.40 AOLL ACCBLESATIOI PALLET * -71. DB8/SBC‘3 

TIRE *1370.00 BOLL RATE PALLET - -40. 0E4/SBC 

TIRE -1370.00 RIB1R4R UTBAAL STICE OSTL-- -O.B I1CBBS 

AT POUT 11 TB SET: ALT - 17404 TT SPEED * 400 EAOTS UlTB 4 * 1.37 


TIRE -1370.41 BOLL ACCBLEAATIOB PEAE * T4. DB6/SBC*3 

TIRE -1371.00 RAI1R4R EVDOBE PEDAL POACB > 4.0 POOBDS 

AT POtIT IS TIB SET: ALT « 17430 PT SfEBD > 


400 ESOTS Win 0 > 3.00 


TIRE -1371.01 BOLL AeCELBAATIOB TALLBT • 14. DES/SBC’S 
TIRE -1373.04 BOLL ACClLERATim PEAS > 70. DBe/SSC‘3 
TIRE '1373.IB BOLL BATE PEAE • 0. DtO/StC 

AT POUT IB Tn SET: ALT « 17030 PT SPEED < 


301 EtOTS Win 0 * 4.03 


Tin -1373.31 BOLL ACCBLBEATIOff TALLET • -44. DBO/SBC‘3 

Tin -1373.34 BOLL Un TALLET * -7. DE4/ttC 

AT fOtIf 11 Tn lET! ALT <• 17430 PT SPEED - PTS EBBTS PIT! C • 4.44 

TIRE >1373.40 BOLL ACCBLBAATIOI PEAR « 30. DBS/SIC‘3 

Tin *1374.00 MllROR LOESITODIIAL STICE DEPL.* 4 0 Ilcns 

AT POIRT II m SET: ALT « 17430 PT SPEED * 343 ESOTS Win 0 ■ 4.34 


TIRE *1374.41 EOLL UTS PEAE • 4. DES/SBC 

AT POUT II TEE SIT: ALT » ttD43 H 


SPEED * 334 EtOTS WITS € « 4.33 


Tin *1374.40 EOLL ICCELEUTIOf flLLST t -4$. DEE/Sie'S 
Tin >1374.00 BQU AAlt TkUBT « -13. DfO/SlC 

AT POUT If nt SET: UT * 14444 PT SPEED * 334 ESOTS WlTl 4 • 4.44 

TIRE *1374.04 EOLL ACCELEUTIQB PUE % 24. DE«/StC*3 

TIRE *1374.11 SPUE * 4.74 4 
Tm *1374.14 RAIIHOR AOA - 34.4 0B4 

AT POUT tl ni SET: ALT * 14303 Pt SPBID * 334 ElOTS Win 0 > 4.74 


TIRE *1374.30 EOU ACCILBUTIOB TALLET « -14. DE6/SBC‘3 

Tin *1374.74 RlllRVH EODOEI PEDAL POECE * 0.0 POTfDS 

AT POUT U Tn SET: ALT % 14444 PT SPEED > 


310 EtOTS Win 4 • 4.03 


Tin *1374.44 ROLL ACCfLBUTlOt PEAE * 34. DIC/StC'3 

AT POUT U Tn SIT: ALT * 14444 PT SPEED « 307 EtOTS Vin 4 « 4.74 

Tin *1377.14 BOLL ACCELniTtOt TALLET > -II. DEC/SEC'3 
Tm -1377.St RAllRWH LATtfAL STIM DEPL.* 1-3 ItCBBS 
Tm >1377. N RU1R4R LOIOimUAL STICE DEPL.* -0.3 ttCEtS 

AT POIfT 11 TIE SET: UT • 17333 PT 3PIBD > 374 SPOTS Win B * 3.ft 

Tin -1377.70 EOU ACCILBUTXOB PUE > 1». DEO/SBC'S 

Tm -1374.00 BOU UTB PtAE * 40. ME/SR 

AT POtft IB tn SET: UT * 1T404 pt SPIED - 340 EtOTS Win 4 * 1.44 

Tm >1374.14 EOU ICCBLEBATIOf TALLET * -44. DB4/4EC'3 

Tin >1374.34 lOU tlTI PALLET > 4f. DU/SBC 

AT POUT IE TBl SET: ALT » 17404 FT SPEED > 3t3 RIOTS Win E - 3.04 


Tin -l37S.iE EOU ACCBLBUTIOB PUE • 3D. DEf/SEC'I 

Tin -1374.44 4 PALLET - 1.31 4 

rm >1374.44 EDU BATE PUI • B7. DfS/ftC 

AT POIET IB m SBT: UT * 17404 TT 


4PB9 • 340 EIDTS Win 4 - 


Tm >1374.44 BDU ACCELEUTIOf TAUIT • -339. DE4/SIC't 
Tim -tSTt.40 RIBUNRi ADA « 4.3 4*4 

tm >1374.00 MIIRO* UtflTODUU STICE DEPL.* 4.4 IffCIES 
Tm >1374.04 RAIIROR l«4DtB PE4AL POECE * 4.0 POODDS 

AT POIfT It m SBT: ALT • 17404 PT SPSED > 344 EtOTS tin 4 ' 


rm-1340.40 t niE - 1.404 

Tm *1340.40 DOU ACCBLninOO PUB • 44. VEO/Stc 3 

tm >1340.44 MU UTB PALLET « 4. DBO/SEC 

rm >1344.44 nfmn utbeu stice dvl.* o.s idcms 

Tm >1304.40 RtOTRO* DOOOM PEDU rOtCB • 4.0 POOE M 

AT POIfT If TM SET: UT • lP4fO PT SPMf • Iff nOTt ftTI 4 < 


111 
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HMoaima DisniBimoM bx misbiob rm 

Typical flights rcprssantatlve of the 
IFOSTP Blsalon categories have been 
subjected to the manoeuvre Identification 
process. Table 12 provides the breakdo%m 
of sanoeuvres by sission type. The sost 
frequent aanoeuvre for all sission types 
is the roll. Typically 60-65% of the 
manoeuvres are standard rolls. This may 
be partially explained by the use of wing 
flashes and wing rocking for communicating 
intent between aircraft during formation 
flying under radio restrictions. More 
likely, it is the result of the very low 
roll rate threshold (20 deg/sec) used for 
these early results. The roll is a 
manoeuvre that is sensitive to the PITS at 
which it is flcwn and it is also the 
manoeuvre that the CF-18 HSDRS system is 
most restricted in quantifying since roll 
accelerations are not recorded and roll 
velocities are recorded only once per 
second. 

Based on the limited data analyses 
done to date, 80-85% of the manoeuvres can 
be identified as standard. It is expected 
that refinement of the current 
discrimination boundaries will lead to 
even more manoeuvres being categorized as 
standard, thus reducing the niuber of 
unique cases that must be considered for 
the balanced load calculations. 


COMCLOBlOmi 

A parametric based approach to 
spectrum development for the CF-18 
International Follow-On structural Test 
Program has been Introduced. Manoeuvre 
classification and identification 
methodologies using the CF-18 MSDRS data 
files have been developed that allow the 
sequential identification of structurally 
damaging manoeuvres. 

Advanced aircraft with DFCS require 
innovative techniques in developing usage 
spectra. In particular, the sensitivity 
of the aircraft control laws to the PITS 
at which manoeuvres are flown has 
introduced new variables that must be 
considered when developing local stress 
histories. 

Multi-channel computer based data 
monitoring systems are vital to the 
development of relevant usage statistics 
on these aircraft. At an early stage in 
development of the data collection 
philosophy, the data reduction philosophy 
must be considered. This data reduction 
philosophy must address both the selection 
and generation of fleet usage statistics 
and the generation of local stress 
histories to support analyses and tests. 
Beference to this data reduction 
philosophy will assist in the 
detemlnatlon of the number and type of 
data channels, the frequency of recording 
and the determination of the data 
collation and storage formats. 

Specific limitations, with r e s p e c t to 
the parametric approach adopt ed f or 
spectrum davelopaant, of the IBiatS system 
used in the CF-lf have bean identified. 


These include: 

a) no angular acceleration data; 

b) no useful yaw information (only 
very crude yaw rate data is 
available); 

c) low sampling rate of 1/sec is 
inadequate for some abrupt 
(rapid) manoeuvres; 

d) landing information does not 
allow determination of sink 
speed at touchdown; 

e) parametric system data not 
recorded for strain reversals. 
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FAHCUE TESTING AND 1EAK DOWN OPEKXnONS ON ARBUS A320 
roitWARD FUSELAGE 

by 

ILBoMKh and J.Y.BcmBUb 
Aerospatiale 

Directiofl des Usines de Toulouse 
BJ> 3153 

31060 Toulouse Cedes 03 
France 


SUMMARY 

The structural design substantadon of coimneicial 
transport airplane is provided by full static and 
fatigue analyses supported by testing of complete 
primary structures. 

The fatigue and damage tolerance testing on full 
scale specimen representative of production 
airplane and the teardown inspecdons pmormed at 
the end of the test permit to collect a lot of 
informations. 

Main objecdves of fodgue tests are on one hand, to 
early idmdfy weak points in primary structure and 
to quickly diefine cotiecdve acdons on in-service 
and production airplanes, on the other hand to 
check the eHiciency of the inspection methods, to 
validate the calculation methods, to justify 
allowable damage (scratches/dents) and typical 
repairs of structural repair manual, to study the 
propagation of artificial damages which ate 
introduced during the test. The aim of tear down 
inspections is to verify and validate the inspection 
methods applied during the test on assembled 
stmcnne and in addition to find hidden cracks with 
special non destructive inspection methods. 
Furthermore firom fatigue testing followed by tear 
down, we are expecting to find areas where diere 
is a risk of wide spread fatigue damage and to 
perfonn damage toterance assessment on the basis 
of realistic cracking scenarios. 

Finally, findings are amlysed for revision of 
established mairuenance casks in the maintenance 
review board document and repercussions on 
desi^. 

1 - INTRODUCTION 

The phUosophy on which the structural design of 
a cooimercial airplane is based on, takes into 
aoooont te airlines inteiest in three ma^ fields; 

- Safety. 

- Long service. 

- Low cost 


Structural fatigue and damage tolerance 
certification and design concept are governed by 
JAR2S (FAR2S) regulations, chapter 25.571 and 
subsequent advisory circulars. 

In the framework of airplane certification, full 
scale fatigue tests are strongly recommended (JAR 
25.571). 

Main objectives of fatigue testing is to early 
identify weak points in the primary structure and 
hence to quickly define corrective actions to 
eliminate diem and finally to check that the design 
objectives are met to fulfil the requireroems 
concerning the structural life of the airplane in 
coDuneicial service. 

Fatigue testing followed by tear down inspections 
also enable the structural inspection programme to 
be readjusted by taking into account the measured 
crack propagation rates, fail-safe behaviour and 
crack histny. 

2 - PHILOSOPHY 

The fatigue and damage tolerance testing on full 
scale specimen representative of production 
airplane and the tear down operations per fo rmed 
at the end of the test permit to collect a lot of 
informations. 

MAIN OBJECTIVES OF FULL SCALE 
FATIGUE TCSTING ARE TO : 

- Early identify weak poiiits in primary structure. 

• Quickly define conectives actions on in service 
and production akplanes. 

- CSieck and validate the inspection methods. 

- ValidBie the calculation nnetfaods applied in the 
ftKnewofk of certification and mainienance 
tasks. 

- Study the propagation of artificial damans 
which are introdwxd during the test on major 
structural components and supprm the crack 
propagation analyses. 
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- Justify allowable damages (scratches / dents) 
and t^ical repairs of structural repair manual 
(S.R.M.) in different locations at die beginning 
of the test. 

- Furthermore, expect from fatigue testing 
followed by tear down, to find areas where 
there is a risk of wide spread fatigue damage 
(multiple site damage and multiple element 
damage) and perform damage tolerance 
assessment on the basis of realistic cracking 
scenarios. 

MAIN OBJECnVES OF TEAR DOWN 

OPERATIONS ARE TQ: 

- Confirm findings and determine the real value of 
crack length found during fatigue testing. 

- Find hidden cracks on full scale specimen and 
develop new non-destructive inspection 
procedures. 

- Find small cracks in a specific area (multiple site 

and/or multiple element damage succeptitnlity). 

- Verify and validate the inspection methods 
perforated during the test 

- Investigate minimum detectable crack length 
provided by selected inspection method, and to 
cotrelam it with the ffaciogtaphic results. 

The use of tear down results permit to confiim 
fatigue and damap tolerance analj^, to justify 
the selection of structural signiffcant items 
(SSI s), to revise the esublished maintenance 
tasks in the maintenance review board document 
(M.R.B) and to evaluate repercussions on design. 

3 - A320 : FULL SCALE FATIGUE 
TESTS 

- GENERAL 

- Five major full scale fatigue tests have been 
carried out on the Airbus A320: 

• Ferward fuselage 

• Wing/centte fuxlage 

• Rear fuselage 

• Hoiiaonial stabUiaer 

• Vertical stabilizer 

A multi-section testing p e rmits a faster execution of 
the ptDgmnme and a ftrwer compromises in the 
load spectrum. 

Additionnal conqxment fatigue tesn have been 
carried out on pylon, rear pressure bulkhead, 
slats. engiBe mounts and lanrhng gean (nose and 
nnin gears). 


- AIM 

The aim is to perform 120 000 simulated flights 

corresponding to 2.S lives 

(fatigue life design aim; 48 000 flights). 

Testing is realized in two main phases : 

Phase 1; up to 60 000 simulated flights. 

Phase 2 : from 60 000 simulated flights to testing 
completion, introduction of arti&ial damages and 
repairs. 

The test schedule given below shows the dead 
lines of fatigue and dama^ tolerance testing, tear 
down results and analysis, maintenance review 
board revision, in the framework of airplane 
certification. 


Malar alitieliuu laat achudulu 



■LOAPSfECTRUM 

These tests are perfonned according to the "fli^t 
by flight" proc^ure, which has been recognized 
for some years to be the most suitable proi^ure 
for simulating the loads encountered by airplane 
in service. 

The typical mission to be consideied for defining 
the ground, air and pressured load spectra is 
( tes mbe d below.Tto mission also provides the 
occurences of gust for one flight and the 
occurences of loads on tire ground for one fUght 
This must be taken into accoum when defining the 
cumulative frequency disttibution. 












The following flow chart describes the selected 
procedure for developping the loading 
progranunes of A320 noajor fatigue tests. 



i 

t 


I 



To respect as far as possible the deflnition of the 
loading spectram, the test philosophy takes into 
account ftdlowing basic assumptions; 

- The choice of the size of the blocks is based on 
the wish to exclude load values that are too 
close to the static sizing limit loads firom the 
loading spectrum, since these loads may stop 
damage initiatioa or propagation, by letaidaiion 
effects. 

- The average number trf gust cycles and ground 
load cycles per flight are vohmtarily limited in 
Older to get a convenient testing dmaiion. 

- These omission levels are justified elsewhere by 
separate tesu intended to quantify die effect 
the omission of small cycles on fidgue lives 
and crack propagation, or by the qiplication of 
equivafemdanatge laws. 

The number of typical flights for building iqi the 
sequence can be choosen at will: by example we 
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1 

prtqMse 8 types of flights, designated A to H to ! 

describe the airbonw environment and 3 sub¬ 
types P to R, to describe the environment on the 
ground. Finally the fatigue test loa^g sequence 
is built, considering the following major pofets: 

- the number of flight types (AP to HR) 

- the number of flights in a block 

- the sequence of loads in one block 

- the sequence of flights in a block 

-RESULTS 

The inspections are performed by the test 
labotatoiy or the manufacturer, responsible of the 
test process according to an inspection 
ptogrunme which defines: 

- the areas to be inspected, 

- inspection methods, 

- classes and levels of inspections. 

When a damage is found, the following 
infoimations are given in a dam^ documsmation 
sheet: 

•damaged pan description 

- coaqwnent’s manufacturer responsible 

• jnecise area and die applied inspection method 
(visual. NDT...) 

- (tewing nundter 
-damage extent 

- number of simulated flights 

• inspecdondaie 

- sketches anJ/ior photos of the damaged area 

- possible causes of the damage given by the test 
labonmry 

• testreperoussioRS 

- damage dme hisny 

- stress office comments about the damage causes 
and proposed repercussion on p rod u ct i on and in 
service aiiplanes. 

Mteofiacsogiapbic expertises n lequiied to have 
a thotongh knowledge of the causes and the 
cbancterisdcs of the duaagesf crack propagadon 
curve, initiation date). 160 findings (fatigue 
dami^) have been foiiiid up to the end of fedgue 
tests. The majority of findings are minor and 
found on secondary saucture or on non-safety 
related items. 

The early findingt on primary structure, have f 

been conected b^ore the fim airpiane delivery. 

Late findings may lead to in-service and j 

production moifificaikMis, or inqtectians. | 



At the etid of die test, a final iaspectioD is 
p erfo nned by the lest Mxnat o i y acconfing lo die 
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basic inspection ptogranome, then the fiiU scale 
specimen is cut out if necessary for 
transportation. The AEROSPATIALE parts are 
stocl^ in a specific building in Blagnac, called 
“Hall tear-down”. 

We are expecting from the tear down operadons; 

- To verify and to validate the inspection methods 

applied during the test on assen^led structure, 

- To find hidden cracks with special non¬ 
destructive inspection methods, 

- To find areas where there is a risk of wide 
spread fatigue damage, 

- To confirm findings and estimated crack lengths. 


- the design office to improve design of new 
airplanes, 

- the stress office for in-service repercussions, 
maintenance tasks revision, supplementary 
inspection programme, 

- non destructive inspection specialists to verify 
the efficiency of inspection procedures. 

4 - FULL SCALE FATIGUE TEST : 
FORWARD FUSELAGE 

4.1 General 

This test called EFl (essai de fatigue n° 1) is a part 
of the major fatigue tests carried out on the AMus 
A320. 


- To validate and to improve the fatigue and crack 
propagation models. 

The tear down inspection plan is established by 
the stress office and is proposing the following 
inspection tasks: 


The loads applied during the test include: 

- take off, landing, taxiing 

- air loads; gust and inanoeuvre 

- cabine pressure 


- In assembled condition, visual inspections of 
damages or defects, followed by special 
detail inqtections (non-destructive inspection 
methods selected ultrasonic, eddy current, 
Xray...). 

- In disassembled condition into detail parts, the 
same inspection levels are p er f or m^ visual 
research followed by special detailed 
inspection. 

- Mictoffactographic expotises are pe rformed in 
case of request from the stress office, for the 
deteitnination of the crack propagation curve 
and the initiation dare. 


120 000 simulated flights corresponding to 2.5 
lives have been peifoir^ during the test. 


aaiCIMOj; 


OFTESTSPECTMEN 


The specimen called EFl consists of the fuselage 
nose sections 11 to 14 fitom frame 1 to frame 35. 


The specimen rear part which is reinforced 
between frames 33 and 35, carries a 'T* section 
circumferential fitting providing a bolted 
connection with the jig. 

Sections 11 to 14 primary structure is equipped 
with: 


At least, a report UKluding inspections results and 
photographic shots taken during the tear down is 
edited. 

The major infoimations contained ae; 

- sketches, references of drawings, 

- non-destructive inspection results, 

- mi c iofra ct ographic examinations, 

- crack propagatian curves and initiation date, 

- causes of danages. 

All dannages ae introduced in a co m p u ter data 
bank, which summarizes all the informations 
gained. 

The daa bonk is used by: 


- 2 LH/RH front passenga doors, 

- a simplified on board stairs door, 

- the R/H cargo door, 

- all flight compartment/cabin/forward cargo 
compartment floor support structure up to ffam 
35, 

- 4 cidiin windows, 

- all ffi^t compartment windshields, 

- all windshields are fitted with their heating 
element netwoik, 

- a duttnny nose landing gear. 

TESTSEP-UP 

The loacfing of the specimen is carried out 
through the following devices on the fuselage : 
loading jacks, loading trees of the cabin floor and 
die pressurization is achieved throi^ die test jig. 
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The ground toads are applied to the nose landing 
gear by three jacks. 


4.2 Test load spectrum 

According to the procedure followed for 
developping the loading programmes of A320 
major fatigue tests, the test philosophy and the 
basic assumptions are: 

- as the forward fuselage fadgue life design aim 
is 48 000 flights, the test has to cover 120 000 
simulated flights, applied in identical blocks of 
4 800 flighu. 23 blocks in all have been applied 
to the specimen. 

- the average number of gust cycles per flight has 
been limited to seven in ordm to get a 
convenient testing dundon. The result is that 
the cumuladve tmtribudon for one life dme 
(48 (XX) flights) of gust loads has been limited 
to 48 000 X 7 - 336 000 cycles. 

The number of Mica! flints for building up the 
block of 4 800 flights has been choosen at will: 
for the forward fjMlage test, 8 types of flights, 
called A to H, to describe the airborne 
environment and 3 sub-types P, Q and R, to 
describe the environment on the ground. 

The occuicncies of the different typical flights per 
block of 4 800 flights with the ^und load fli^t 
load combinadons are shown in the following 
table ; 21 types of flights in rJl tanging from the 
most severe flight AR to stardaid flights Iff, HQ 
and HR. 



A 

1 


JL. 



A. 



. 

. 

1 

3 

7 

IS 

43 


a 


1 

1 

ja_ 


33 

m 


R 

» 

7 

14 

ji. 


MB 

m 



Finally the average number of cycles per flight is 
22, and the average number for an airplane life is 
1.036 000 cycles. 

A conservadve value of 2 % of the flights is 
consideied as milling flights. 

Briefly, the test loading pit^iammB considen the 
fidlowing major points: 

1)21 fli^t types AR» HR have been defined 


2) one test block of 4 800 flights (start with type 
HR and end with type HR) 

3) The sequence of cycles in one flight has the 
following restrictions 

- the ordm of gust is randomized, 

- all ground load cycles stan with a 
downwards taxi bump load, 

- all gust load cycles start with an upgust load, 

- an up gust is always followed by a 
downgust. 

4) For the distribudon of flight types within 
one block of 4 800 flights, the rough flights 
AR to DR are ptmdoned based on an "equally'' 
spaced distribudon and the smooth flights EP 
to HR are posidonned by a random number 
generation programme. 

3) The cabine pressure differential loads have 
been linearly applied to the specimen for 
mission segments between climb and descent 
with a maximum at cruise (AP = 536 mb). 

4.3 Findings (fatigue damages) 

During the full scale fadgue test, inspecdons of 
the specimen are performed, according to an 
inspe^on programme which defines classes and 
levels of inspections for the whole structure. 

The results of inspecdons are recorded and each 
detected daiiuge is the subject of a damage 
documentadon sheet which details the damage and 
defines the repair or modiflcadon to be embodied 
cm in service or produedon airplanes. 

At the end of the test, 31 findings have been 
discovered. (2 under tear down inspecdons) 

- 6 findings treated in the maintenance review 
board revision, 

- 9 minor findings, 

- 1 finding leading to retrofit before airplane 
delivery, 

-13 findings leading to 10 service bulletins. 

4.4 Damage tolerance tests 

After having performed 60 000 sinntlated flints 
cm the specimen, crack propagation tests have 
been carried out on specially selected areas of dw 
structure the introduction of artificial duna^. 

The objectives are to; 

• obtain dais to substantiate the aialysis 

- obtain data to confirm inqiecdon intervals of the 
mainienance review board document 

The flow chart hereafter presenu the daiiuge 
t o lera nce test process. 
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4.5 Tear down operations 

An overall tear down inspection is performed after 
the end of the test. The tear down results and 
analysis are in progiess, the target for completion 
is scheduled for end of 1993. 

For section 11/12, 63 structural sub-assemblies 
will be reviewed for visual inspections. 

For section 13/14, 31 structural sub-assemblies 
will be reviewed for visual inspections. 


5 . CONCLUSION 

For new desi^, the AEROSPATIALE policy is 
to perform fatigue testing on full scale specimen 
representative of production airplane with 
subsequent tear down operations. 

Indeed, faugue testing is the privilegiate way: 

- To substantiate fatigue and damage tolerance 
analyses ( for instance to improve the maintenance 
programme based on real findings ). 














PiHJPOSAL FOR THE NEW FAncUE MANAGIMEhrr SYSTEM 
FORTHEAMX 

by 
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BACKGBOUIID 

For several years Italian Air Force decided to monitor the structural fatigue 
consumption of the fleet in order to optimise the management of the aircraft and 
to have a correct visibility of the fatigue status of the airframes. 

It was noted that a monitoring based on mean data of the entire fleet cannot be 
considered sufficently useful because of the different utilizations of the single 
aircraft; consequently an individual fatigue monitoring was chosen as a correct 
method to obtain informations on the life of aircraft. 

Until about 10 years ago the aircraft monitoring were based on fatigue meter 
readings, practically simply comparing the service g spectrum with the design 
one; of course this method had two defects: 

- it does not permit to take into account a lot of parameters that modify the 
loads on the structure (e.g. Mach, altitude, movable surfaces ....). 

it does not permit to monitor at all the items not g-related as fin and 
stabi1izer . 

So, also in consequence of the improvements in technology, at the beginning of 
the service life of Tornado aircraft a program to design a new monitoring system 
started. This system,that is now operating in Italy.is based on the recording of 
many flight parameters: the time histories of the parameters are stored on a tape 
cassette on board, at the end of the flight the cassette is removed and processed 
by a ground station where loads and then stresses are calculated from the 
recorded parameters, a "rain flow** analysis is performed and finally a fatigue 
life consumption is obtained by means of the usual relative Miner rule referred 
to the fatigue test results. The calculations are performed for 21 locations (10 
right hand, 10 left hand, plus a "dummy** component) from whose it is possible to 
deduce the fatigue consumption of the entire structure. 

The project was successful against the main design targets l.e.:indivual tracking 
of each plane and fatigue evaluation of all the main parts of the aircraft, 
nevertheless the development of the system showed that many problems arised to 
convert parameters into loads because of the great amount of data to be stored 
and then processed,and the great complexity of the computer program that required 
also a powerful hardware in order to reduce the elaboration time. 

So for the new maintenance system for AMX aircraft it was proposed to improve the 
performaces by the adoption of strain gauges that are now much more reliable 
than 15 years ago, and the use of solid state memories with on board calculation 
capabi1ities. 


3- SYSTKW PHILOSOSOPHY 


The proposed system is based on an integrated use of strain gauges and a limited 
numbers of flight parameters. 

The "main" monitoring activity Is demanded to the strain gauges readings to be 
elaborated on board by **rain flow" counting method in order to obtain the fatigue 
stress cycles; these will be converted by means of proper fatigue S/N curves Into 
damages. 

Moreover a limited number of flight parameters are recorded when a significant 
variation on Nz occurs; this will permit to perform a recovery monitoring 
evaluation if a failure on an unacceptable number of strain gauges lines occurs; 
in addition some special investigation ( e.g. roll rate spectra ) will be 
possible . 

The data will be stored in a solid state memory on board, milked on ground and 
then transferred to a ground station for further elaborations and analysis in 
order to decide the proper maintenance actions. 


4. IIOIIITORgD LOCATIOWS 


It is clear that the greater the number of monitored locations the better the 
knowledge of the fatigue situation of the entire structure; nevertheless the 
number of str .'n gauges to be fitted (and consequently the number of monitored 
locations) m^^t match the availability of input channels in the on board 
electronic equipments, taking into account that the system will monitor engine 
and systems also. 

The best compromise chosen and proposed foresees the installation of 12 strain 
gauges able to monitor the main parts of the aircraft (i.e. wing, front, central 
and rear fus'^lage, empennages). 
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The deteil of the location is the following : (See also fig.l) 

1 Wing rear spar near wing root L.H. 

2 Wing front spar near wing root L.H. 

3 Wing rear spar between I/B and Q/B pylon L.H. 

4 Wing central fitting fraae L.H. 

5 Fuselage upper longeron near cabin 

6 Fuselage upper longeron near front Joint 

7 Fuselage upper longeron near rear joint 

8 Hear fin attachnent 

9 Front fin attachment 

10 Stabiliser^ spigot L.H. 

11 Stabilizer spigot R.H. 

12 Wing rear spar near wing root R.H. 


Straingauges 1 to 3 permit to monitor the wing and indirectly the front and rear 
fitting frames. 

The strain gauge 4 monitor the fuselage central fitting frame and indirectly the 
central part of the wing root. 

Strain gauge 6 is useful to monitor the fatigue consumption due both to the front 
fuselage loads and cabin pressurization cycles because the longeron on which the 
strain gauge is fitted is sensible to the cabin presaurisation. 

Strain gauges 6 and 7 monitor the front/central and central/rear fuselage 
connections respectively. 

Strain gauges 8 to 11 monitor the empennages and contain an intrinsic fail safe 
concept because the monitoring remain possible even if a strain gauge line fails. 
Strain gauge 12 is useful to have an evaluation of the possible different fatigue 
consumption between left and right hand parts. 

The locations above are chosen to obtain the best compromise between good 
accessbility during retrofit installation and closeness to the expected 
'critical' points. 

Moreover the recorded flight parameters (i.e. Nz, Mach, altitude, roll rate, 
mass, store configuration) will permit to monitor, if necessary, g loaded parts 
like wings and fuselage. 


5. DATA PMOCISSIHG 


5.1 Data processing on board 
Strain gauges: 

The strain gauges will be read basically with a sampling rate of 16Hz; the 
possibility to increase the sampling rate on 1 or 2 strain gaugea will be added 
in order to monitor possible buffet phenomens. 

The s.g. signals will be processed by the on board computer to identify the 
turning points of the time hietorlea and then processed with the 'rain flow’ 
counting method. The number of occurrences of the identified cycles will be 
stored in 30x30 matrices with rowes and columns identifying alternate stress and 
ratios respectively. 


Since the 'rain flow’ algorithm does not ensure to reduce to cycles ths entire 
time history of flight, the remaining part of this (turning point only) will be 
stored in proper memories and will be added to the next stress sequsnee In the 
next flight. 

At the end of the flight, the matrices calculated during the flight will be 
summed to others representing the entire life of the aircraft. 

Both kind of aatrieea will be multiplied by same dimenaiona matrices containing 
the damages of each kind of cycle obtaining the damage cumulated in the 
last flight and in the entire life of the plane. 

Fig.2 contains a schematic view of the Strain gaugea process. 



PTaaeters; 


As anticipated in previous paragraph the parameters are used only to have some 
information about the flight and to be able to perform a semplified recovery 
monitoring (S.R.N.) in case of failure of the s.g. lines. 

The first utilization is not strictly a subject of this memo and must be 
discussed in detail with the customer. 

About the S.R.N. the Nz will be used as guide parameter. It will be continuously 
recorded with the normal sampling rate of 16 Hz and processed in order to 
identify the turning points of its time history with a filter to avoid to take 
into account variations lees than O.S g. When a turning point will be identified 
the Nz value will be memorized together with the values of other considered 
parameters present at that moment ( Mach* roll rate ... ); so at the end of the 
flight a list of istants with the corresponding values of parameters will be 
available. 

Fig.3 contains a schematic view of the process. 

Moreover some parameters are analyzed only to verify that certain flight 
envelopes were not exceeded; if this occurs the relevant data and time are stored 
in a dedicated memory location. 

The mission time, (From power on to power off conditions on M.R. equipment )« and 
the flight time (From take-off to landing), are also recorded. 


5.2 Data processing on ground (see also fig. 4) 

The data stored on board will be transferred by milking on ground in a portable 
equipment (P.G.S.). This P.G.S. will be able to check immediately if some 
flight envelope was exceeded in order to give the possibility to the ground crew 
to decide if the aircraft can return immediately to fly or some 
maintensnce/verification action must be done (GO - NO GO check); if requested the 
P.G.S. can also show the residual life of the monitored component with minimum 
residual life and its fatigue consumption in the last flight. These data, 
espressed in Equivalent Plight Hours, are simply calculated multiplying the 
cumulated damage by the life of the item (obtained by W.A.F.T. or theoretical 
analysis). Then the P.G.S. can transfer the data to the fixed Ground Station. 

The G.S. will perform the following jobs: 

a) Check of data recorded on board to verify their validity 

b) Possible correction of the on board calculated damages of the flight, 
taking into account (if significant) the residual part of stress history 
not converted into cycles by “rain flow" alghoritm. This computation is of 
course useful only for statistical analysis and to compare severity of 
different kinds of mission 

c) Storage of data In a proper file to track the entire life of each plane of 
the fleet 

d) Semplified Recovery Monitoring by means of recorded parameters and simple 
theoretical equations if necessary. 

Parameters and simple theoretical equations will be used also to help the 
interpolation of s.g. data when only some s.g. line fails. 

e) Display of results both in written and graphic form. 

Ouptuts In written form will be equal to outputs used for Tornado 
Maintenance Recorder (see fig.5 to 7). 

f) Statistic evaluation of fatigue consumption of the fleet and linkage with 
other maintenance systems of the Air force to optimize maintenance 
activities. 


6 . CALIDDATIOW Of Till ST8W 

From a schematic point of view 3 Kinds of calibrations/verifications are 
necessary in order to ensure a correct working of the system based on strain 
gauges: 


a) Calibration of tha atreaa laval read by the s.g. fitted in a certain 
position against the stress present in the "critical" points. 

b) Verification of what the s.g. are actually reading, that la different for 
each aircraft because of poeaible differences in tha installation and in 
tha individual charactariatica of aach s.g. and associated wire lines 

c) Verification of tha status of the s.g. lines during tha aervica time 
against possible modification of measurement characteristics (s.g. shift 
of the sero). 
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About point a) an **ad hoc" instrumentation was installed on W.A.F.T.in order to 
get stress levels both in points expected to be significant for monitoring and in 
points candidate to be fitted with a.g. on Service aircraft. The location to be 
monitored in service are 10 (2 s.g. are used as spare, or to monitor asimmetric 
behaviours) but on W.A.F.T. 50 dedicated s.g. were fitted, this should guaranty 
to have sufficient informations also if other monitored locations must be chosen. 
From these strain gauges a complete stress history during W.A.F.T. will be 
obtained too and these data will be used to tune the calculation of damage for 
service aircraft (Relative Miner rule). 

In order to get the actual measurement characteristics of the system installed on 
each aircraft it is foreseen the construction and the use of a rig able to apply 
simple known loads to an aircraft after the installation of the monitoring 
system. Each aircraft will be loaded by this rig and all relevant characteristics 
measured and stored in the on board computer in order to have all the data 
referred to a standard (e.g. stresses measured during ground tests). 

To check the status of s.g. during service, the "check of the zero" (actually 
cheek of reference point) will be performed autoaatically before each flight: 
when the monitoring system is switched on it identifies the configuration, 
measures stresses and assuaes the corresponding values as reference. 

In addition the possibility of "random" checks in flight will be implemented. 

30 flight conditions (defined in terms of Ns, Mach, Altitude, mass etc.) will be 
stored together with the associated stresses in the monitored locations; when the 
aircraft will pass for one of these conditions (the verification is made with 
the monitored parameters) the stresses read by a.g. will be compared with the 
stored ones: if the difference exceedea a prefixed percentage, correlated with 
the uncertanties given by the limited number of parameters used to identify the 
flight condition, it means that something is wrong and consequentely a warning is 
given and the supposed wrong mesaurements are stored in the computer memory for a 
detailed analysis on ground. 


COWCLUSIOMS 

Starting from the assumption to monitor individually each aircraft of the 
fleet (with clear benefits for the management/uti1ization) the proposed F.M.S. 
supplies a system with several advantages on previous ones: 


- Great accuracy in stresses and consequentely in fatigue evaluation for the 
entire mission (from power on to power off) 

- Relatively simple calculation alghoritms 

• Complete indipendance from store configuration 

- Minimum requirements of ground operations 

• Auto - test facilities 

- Simple recovery system and sufficient redundancy in monitored points 
Possibility to take into account dlrectely buffet phenomena 

• Very small elaboration time on ground with main informations immediately 
available after the flight if requested 

- Complete commonality of outputs with previous monitoring systems 

Possibility of link with other computerised maintenance systems of the Air 
Force. 




Fig.2: Strain Gnugcs Procena 
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SOIUIAM 


The CF-18 Bulti-role fighter entered service in the Canadian Forces (CF) 
in 1982. since then, 138 of these aircraft have been delivered and are 
operating out of seven squadron located in Canada and in Europe. Each aircraft 
is equipped with a multi-channel data acquisition system which records a number 
of parameters including measured strains, engine data, and various flight 
incident data. The analysis of this recorded data has enabled the CF to very 
closely monitor aircraft usage and the rate at which each individual aircraft 
accumulates fatigue deuiage. Early in 1986, in-service analysis of CF-18 fleet 
usage indicated that the aircraft ware being operated in a significantly 
different manner than assumed for design, and that severity of the usage 
approached or exceeded the spectrum used for certification testing. 
Furthermore, the CP-18S were accumulating fatigue at a higher rate than expected 
which lead to concern about the potential for the airframe to reach its required 
life expectancy to the year 2003. 

To ensure that the maximum economic life of the CF-IS fleet is achieved, 
the CF have Implamented an aggressive Fatigue Life Management Programme (FIKP) 
and are proceeding with full scale Durability and Damage Tolerance Testing 
(OADTT) activities. The test is a joint Canadian and Australian venture usually 
referred to as the International Follow-On Structural Toot Programme (IFOSTP). 
This paper describes the development of various components of the FUIP, 
including the aircrew fatigue awareness programme, CF-IS Individual Aircraft 
Tracking (lAT) activities, the development and implementation of fatigue damage 
control measures, and lessons learned from the management of the FIKP. The CF- 
18 OADTT philosophy, methodology and management approach adopted by Canada as 
well as the requirements that warrant-d the test will also be discussed. 


1.0 IMTaOOOCTIOM 

The CF-18 was designed to a United States Navy (USN) specification [1] 
that follows a safe life philosophy. The USN required the F/A-18 airframe 
service life of 6,000 Flight Hours (FH) to be demonstrated by successful 
completion, without major failure, of 12,000 Spectrum Flight Hours (SFH) of full 
scale fatigue testing to a "severe” usage spectrum. In general, the use of a 
severe spectrum (normally 2 or 3 standard deviations from the mean) and a 
scatter factor of two provides a confidence level on safe life similar to that 
of the U8AF and RAF which are currently applying a scatter factor from 3 to 5 
to full scale test result (2]. The USN establishes the safe life of a fracture 
critical coagionant by defining a period during which a crack is assumed to 
initiate to a nominal size of 0.01 inches, and the remainder of the component 
life is expended in crack growth. The Canadian Forces (CF) have implemented a 
different airworthiness policy which follows a durability and damage tolerance 
philosophy. Ssfety of flight is ensured through tbe implementation of Hon- 
Destructlve Inspection (HDI) performed at appropriate Intervals. However, the 
design philosophy of the CF-18 has made it difficult to apply the durability and 
damage tolerance philosophy to most fracture critical components on the CF-18 
due to the inaccessibility of critical areas, small flaw sites Involved, and 
rapid crack growth from detection limits (typically of the order of 1,000 SFH 
for the Flight Station (FS) 488 wing carry through bulUiead [3]). Therefore, 
the CF intends to operate the CF-18 as a safe life aircraft, however, the safe 
life will be re-evaluated baaed on the results of furtbor testing. 


2.8 BMf* aa» run nonamm 


■arly in 1988, In-serviee analysis of CF fleet usage indicated that the 
cr-18 airersft wmrm Ming aper a t e d in a slgnificantlr different manner that 
assumed for deelgn, and that eevmriM of tM usage approached or exoaadad tbe 
spectrum used for certification testing. Figure (1) shown normal accalaration 
axcaedanca curves for both CF-18 fighta and trainer aircraft eoaparad to the 
test qMctrua. The curves clearly indlmte the increased severity of CF usage, 
with the average load ex c ee dan ce freq ue ncy data ex cee d ing the tMt npectrue 
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consistently up to the 6 to 7 a range. It was also noted from yearly fleet 
statistics, that the fatigue daaage rate had twen steadily increasing since the 
aircraft entered into service. Although the escalation in usage severity could 
be attributed to increasing aircrew aiqterlance in flying the aircraft, it is 
believed that the InpleBentatlon of a G-liaiter in later version of the Flight 
Control Conputer (FCC) software in the aid 80's (which provided aircrew with a 
care free aanoeuvrlng capability) was also a contributing factor. Table (1) 
provides a sussary of the CP-18 fleet fatigue severity relative to the test 
spectrua since 1984 with its peak values reached in 1988. 

Usage data also indicated that areas of the flight envelope where the 
aircraft was being operated were different froa those assuaed in testing. The 
aanufacturer's full scale teat was based on a three Polnt-In-The-Sky (PITS) 
distribution in which aaxiaua aircraft loading on critical aircraft coaponents 
was deeaed to occurred. Table (2) and (3) show the assuaed distribution of tine 
spent in the different PITS in conparison to the CF fleet usage. As Indicated 
the differences are significant, the full scale test being unrepresentative of 
the CF distributions. These differences in PITS distribution nay have a major 
iapact on structural life predictions tor an aircraft like the CF-18 which makes 
extensive use of digital flight controls. Mach, altitude, dyneuiic pressure and 
rate parameters strongly Influence control surface scheduling, which in turn 
have a major iapact on aircraft load distribution. 

Furthermore, there are concerns over the structural configuration of the 
tested airframe. As certification testing progressed and failures were 
encountered, configuration changes trere introduced on the production line or 
proposed as fleet retrofit to improve the fatigue characteristics of deficient 
components. A number of these structural improveaents to fracture critical 
components were certified based on analysis or limited coupon testing only and 
never subjected to full scale testing to a representative CF spectrum. It is 
expected that these aodlficatlons will enhance the fatigue characteristics of 
the fleet aircraft, however life improvements cannot be accurately quantified 
without proper full scale testing. 

As a result of these uncertainties the CF is currently applying a scatter 
factor of three to the aanufacturer's full scale test result. Consequently the 
CF-18 sate life has been reduced to the equivalent of 4,000 hours. The reduced 
certified life aixl the increasing usage severity have raised concerns regarding 
tbs potential for the CF-18 aircraft to reach its required life expectancy to 
the year 2003. In order to resolve this serious fleet aanageasnt problem, the 
CF impleaented an aggressive Fatigue Life Manageaent Prograaae (FUlP) to 
minimize fatigue damage accrual and decided in 1989 to proceed with follow-on 
full scale testing of the CF-18 alrfraae to establish its safe life under a 
representative spectrua. Full programme go-ahead was provided in February 1990. 
The following sections will discuss the planned full scale testing activities 
and the ongoing fatigue life manageaent prograaae. 

3.0 CF-18 DOMUilblTT AID DAIOMI TOLISAMCI TUTIM 

3.1 Overview 

The CF have established an airworthiness policy that is based on the 
lapleaentation of an Aircraft Structural Integrity Prograa (ASIP) for each 
aircraft typo in service. The Canadian ASiPs [4] are based principally on the 
USAF specification with soae flexibility in the degree of application to each 
aircraft type to reflect the varioue fleet's pedigrees. The structural 
integrity aanageaent is based on the characterization of the Durability and 
Daaage Tolerance (DAOT) featuree of the aircraft. The aspect of durability 
relates to fatigue daaage accuaulatlon and crack initiation tine. The damage 
tolerance approa^ is concerned with the perforaance of the structure when a 
flaw is present in the aaterial. Consequently follow-on structural testing of 
the cr-18 will take the fora of a OAOT test. It is realised however that full 
application of the (MUTT principles nay not be possible because of the safe life 
philosophy adapted during the design of the CP-18. The CP-18 DADTT Is being 
conducted as a collaborative effort between Canada and Australia who share the 
saas structural integrity concerns regarding a reduced certified life and high 
rata of fatigue aoorual. This joint prograsae is usually referred to as the 
International Follow-Cn Structural Test Prograsae (IPOSTP). Mithin the 
prograaaa Canada will be responsible for tasting the centre fuselage and wing 
structures while Australia will be testing the aft fuselage and eapennaga 
structure. The aft tuselage fatigue damage ia due to aanoeuvre loada and 
dynuic loads Indunsd by US vortices, while the centre fuselage and wing daaage 
is aainly doalnated by aanoeuvre loads. The rsqnlransnt to roallstioally 
siaulate the eapennaga buffet loads mvironaant lesds to this division of 
responsibilities. The collaterative nature of the test ptogrMaa offers major 
advaneagss ia tens of test sehsduls, by snabliag parallsl testing; project 
cost, by etferiag cost abarlag; and reduosd teutaical risk, by the Usriag of 
corporate ssparlenos gslnsd ia pevtoos tests iratertakan by both pMtnsn. In 
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Canada tha tast affort haa baan dlatrlbutad batwaan Induatry and govarnaent 
laboratoriaa whila ovarall projact aanagaaant and tachnlcal diractlon raaalns 
a Canadian Forcaa raaponalblllty. Tha Inatltuta tor Aaroapaca Raaaarch of the 
National Raaaarch council locatad in Ottawa haa baan aaaignad tha raaponaibility 
tor apactnui davalopaant taaka, conduct of tha wing DADIT, and wind tunnel 
teating activitiaa in aupport of tha loada darivation. BMbardiar Inc, Military 
Aircraft Divlalon locatad in Nirabal, Quabac ia raaponaibla for conduct of the 
centre fuaelage teating and derivation of the teat loading. Plgura (2) shows 
the Canadian projact organization chart and assigned reaponsibilltias. 

3.2 Tast Objaetlvas 

The objectives of tha F/A-18 IFOSTF as datarwined by the project partners 

are to: 

- deteralna tha safe life of fracture critical structures; 

- dataralna tha aconoaic life of the aircraft structure; 

- where possible, obtain crack growth data to aupport application of a 
OADT approach; 

- validata existing repairs and structural aodiflcations and detemine 
futura BOdification requlreBants; aiWI 

- coBplata sufficient testing by 1994, to facilitate prellainary life 
cycle Banagenent decisions. 

Tha first four test objectives are relevant to the engineerli:g features 
of tha full scale test while the last objective has been established in response 
to fleet Banageaent concerns. For tha Canadian fleet, 1994 correepoiuls to the 
date at which aavaral of CF aircraft will be reaching their safe life of 4,000 
hours. It is therefora inparativa for fleet aanagenent that this Bilestone be 
achelved in order to avoid having aircraft restrained froB flying whila awaiting 
teat results. 


3.3 Teat ■pectruB 


The load spectra to be applied to the each test Bust be representative 
of both CF and RAAF in-sarvlca usage [5). The test spectruB should siaulate an 
average usage in preference to a severe one. Such test conditions have the 
advantages of laadlr;g to representative failure sites and crack growth rates. 
Fortunately, in-service operation of the F/A-18 is quite siBilar in both 
countries and it ia expected that the final test spectra will be highly 
representative of in-service usage, enabling accurate test interpretation. 
Figure (3) coBpares K, exceedance curves for both RAAF and CF fighter aircraft. 


For any aircraft type, the task of developing a test spectruB is a 
coBplax undertaking that requires indepth knowledge of past in-service 
operation, careful consideration of futura roles, and a good insight on the 
projected Bslntenance plan. For the F/A-18 this task is further coBplicated by 
the fact that dynaalc loading plays a asjor role in tha aft fuselage fatigue 
daaage, and that both fleets have bean subjected to large variations in usage 
severity since their entry in service. For the aft fuselage the problea is 
further aggravated by the l^laBentatlon of tha LEX fence aodiflcation which has 
significantly reduced the Bagnltuda of dynaalc loading. As a result of tha 
large asount of daaage accuaulated prior to USX fence imorporation it is likely 
that tha aft fuselage spectra will be coBposad of two different load sequences; 
one representing pre-UtX loading and a second representing pest-UX loading. 

For tha centre fuselage case the tast spectrua will be eoaposad of an 
appropriate aix of early, current and possible future usage. The wing test will 
follow a SiBilar philosophy and aay include woaa fora of dynaalc loading 
sirulatlng for the outer wing structure. Test spectra will be dsvalopad to 
achiava the BaxiauB coverage to tha fleet. 

Another problea related to the developaent of the CF-18 spectrua is the 
coeplexity of calculating external balance loads. The Flight Control Coaputer j 

(FCC) algorithas and control surface scheduling results in the lead distribution > 

over the entire aircraft being strongly influenced by rate paraastars, Mach, and 
altitude variables whicA nakas traditional aathods of load scaling highly i 

iiMCCurata. | 



To alleviate thia problem, tha dateraination of tha aircraft load 
distributions will rely heavily on fli^t test. In addition an en gineer ing 
developaent programs has been initiate in Canada as part of the IFOSTP to 
develop a F/h-H analytical load derivation oigwbillty. All the load aodels 
developed will be validated using existing flight test loada and aere^rnaaic 
pressure dlstrUMtions validated using wind tunMl naasureaents. Tte load 
Modelling uses an ^^roelaatie ^ppreeeh lyjwtf incladas pro per cewai ^tlty of 
the eonmi Nrfaeo deneetion as piugiaa a a d in the Pcc (asressrvoelastUitT). 


( 

I 





Early spectnua devalopaient activities on sany aircraft fleets have 
typically boon hindered by the lack of a coaprohensive fleet usage data base. 
Usage analysis relied heavily on pilot interviews, aission profile analysis, and 
data processing of Halted acceleroaeter (aalnly Hz) data. For the CF-18, a 
very large data base has been generated using fight data collated by the 
Maintenance Signal Data Recording Systea (MSDRS). Xpproxlaately 80t of all 
flight data has been captured since the aircraft entered service. For IFOSTP 
the problea has becoae one of data aanageaent and processing, requiring careful 
selection of representative sawles of in-service data in order to sake usage 
characterization possible within engineering resources, and cost and schedule 
constraints. 

3.4 Test Philosophy 

Full scale fatigue tests are usually cycled until either predefined goals 
for certification are achieved, or the airfraae econoaic life is reached. 
Previous F/A-18 tasting was conducted with the foraer approach in that the 
aircraft ware certified to a specified design lifetiae without attempting to 
define an economic life Halt for the airfraae. Moreover, the transition from 
the USN fatigue and fracture criteria to a damage tolerance approach may prove 
to be difficult according to a study conducted by the manufacturer for the CF-18 
ASIP [7]. A modified damage tolerance procedure will therefore be adopted for 
the CF-18 DADTT to determine the econoaic life. The following aims will be 
pursued: 

a. Identify and confirm crack initiation sites. This can only be 
achieved if the duration of the durability test is such that natural 
cracking occurs at critical locations. Data regarding the site, 
sequence, and extent of cracking is invaluable and is as Important 
as coaponent to the data obtained from deliberately induced flaws; 

b. confirm crack grotrth predictions to define in-service inspection 
interval and methods! 

c. determine the modifications and repairs that will be necessary and 
evaluate their cost effectiveness. Airworthy repairs will be 
applied to the test article to the maximum extent possible; and 

d. the previous safe life Halt of the airframe will be extended to 
determine its econoaic life. Test life time will be based on 
considering potential service life extension up to 8,000 hours and 
estimated life expectancy to the year 2007, 

To meet these objectives for the CP-18, defects must be found while they 
are very small and corrective action must be underway before the residual 
strength of affected components become critical. To satisfy this requirement 
it is Intended to make extensive use of on-line damage monitoring devices. 
These devices will make use of Acoustic Emission Monitoring (AEH) principles to 
detect crack initiation, or for known critical areas alternating Current 
Potential Drop (ACPD) to monitor crack growth. CF experience using AEM during 
the CF-116 Full Scale DADTT has demonstrated that this approach is highly 
successful in detecting and monitoring small flaws over a large area of 
structure (8J. In addition, research programmes with Canadian Industry and 
Universities are underway to develop new crack detection/growth sensors based 
on ACPD technique and strain sensing devices using fibre optic sensors (Figure 
2 ). 


It is currently planned to carry out durability testing for three 
lifetimes to 24,000 3FH under a representative spectrum followed by damage 
tolerance testing to determine the maximum econcomic life. However, a change 
in the current scatter factor of three may be necessary to determine a safe life 
of the structure because it is likely that the test spectrum will be 
representative of average usage. The CF considers that the approach presented 
above would provide an optimum balance between test cost, duration and returns. 

3.S Test •peeiaaa 

An overview of the F/A-l< production lot for both RAAF and CF fleet 
effectlvlty is presented at Figure (4). The most desirable source for a test 
article has been determined to bo a structural configuration representative of 
a Lot VIII aircraft. The CF intends to retire a service aircraft to be used for 
the center fuselage test article. A suitable Lot VIII airframe has been 
identified by considering suitability to the required configuration, in-service 
usage, and coivlatansss of the NSORS strain history. The test airframe selected 
has accumulated approximately 680 flying hours and has been subjected to a 
service load history which is im pr ea e ntetive of the average for CF-18 fighter 
aircraft. The coapleta aircraft will be used for test purposes with the 
exception of the outer wing which will be r^lacad by dummy loading structure. 
Figure (5) ahowe the center tnaelaga test eaction. The wing test will be 
conducted as a stand alone teat to enable concurrent tasting with the centre 
fuselage. At this time it is not known if the wing testing will be conducted 




using a wing root reaction fixture or a complete centre fuselage to act as 
transition structure. A wing with no previous service history has been 
identified for wing testing purpo.‘'es. 

The collaborative nature of this test has necessitated the establishment 
of joint repair policy with RAAF with respect to the treatment and disposition 
of all real or simulated structural damage in the test article. The joint repair 
policy and will address: 

- the design and implementation of simulated damage; 

- the design, manufacture and installation of appropriate airworthy 
repairs; 

- implementation of fleet repair or fatigue Improvement retrofits; and 

- the removal of repairs for damage tolerance and residual strength 
testing. 

3.< Test aohedule 

The logistic issues and future plans tor a mid-life update programme has 
require that sufficient testing be completed on the test sections (centre 
fuselage, wing and aft fuselage) by late in 1994. Previous experience with full 
scale tests has shown that schedule requirements are difficult to achieve 
because of the problems in estimating the repair requirement. However, for 
planning purposes a ratio of 25% to 75% has been estimated to evaluate the 
percentage of test rurming and do%m time. At this time it is anticipated that 
active resting will be carried out using three work shifts five days a week. 

4.0 THE CF-IS FATiaOB LIFE iailMEllE« PKOaSAMME 

4.1 Background 

Historically, it has been difficult to accurately determine the amount 
of fatigue damage an individual airframe has accumulated because of the lack of 
a loads monitoring system on fleet aircraft. Typically, a life limit for a 
given fleet of aircraft would be established baaed on a single fatigue test 
which was usually carried out during Initial production, or sometimes a follow- 
on post production test. This life limit was often expressed in flight hours 
and did not account for differences in how each individual aircraft had been 
utilized. 

The monitoring of individual aircraft loads history and the subsequent 
processing of this data to determine the amount of fatigue damage acctuaulated 
allows the fleet manager to track usage and fatigue damage of every aircraft in 
his fleet. The ultimate goal of a Fatigue Life Management Programme (PLHP) is 
to control aircraft usage and fatigue damage accumulation such that the economic 
life of the fleet is maximized while maintaining operational effectiveness. The 
fatigue management of an aircraft fleet is a complex process dependent upon many 
parameters such as the availability of accurate aircraft fatigue damage and 
usage data, understanding of the mission profiles and mission requirements, 
aircrew awareness and understanding of fatigue related problems, and the ability 
and desire of the operational community to implement fatigue damage control 
measures. 

The fatigue life aanagezMnt process can be grouped into three basic 
activities; fatigue awareness, usage characterization, and guidance and control. 
Fatigue awareness is achieved through briefings, videos, training, and various 
fleet management documents. Usage characterization is achieved through the 
gathering and processing of aircraft usage data in a timely and accurate manner. 
Through the use of the processed fatigue data, fleet managers are able to 
monitor and control the future usage of the fleet to ensure the life of each 
aircraft is maximized. 

The processing of the CF-18 In-fll^t recorded data started when the 
aircraft entered service in 1983. To address the problem of increasing fatigue 
damage accrual and to ensure that the maximum life of the entire fleet was 
achieved, the CF began addressing fatigue management issues in 1988 and formally 
introduced a Fatigue Life Management Programme in early 1989. The CF-18 FUtP 
allows aircraft managers at both fleet and s^adron levels to better manage CF- 
18 usage. 

4.3 Blamemts of Fatigue Hamagamemt 

Ihe three elements of the CF-lS rm are fatigue awareness, usage 
characterization and guidance and control. All these elements are essential to 
a successful progrimme and eacdi are dependent upon one another. The 
relationship between these elements is shown in Figure (C). 
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4.a.l Fatlga* Maraaaaa 

me objective la to provide operators, and to a lesser extant nalntanance 
personnel, with a basic understanding of the causae and consa<iuencaa of fatigue. 
Beginning In early 1988 the CP-18 operational conminlty at all levels ware given 
briefings on CF-18 fatigue related problens. To provide a sore structured 
approach, fatigue awaranasa training Is provided during prinary and advanced 
flight training. A video entitled "Patlgue - Nhat's the Difference* was 
produced euid Is shown regularly at each of the squadrons, slnllarly various 
docunents and articles addressing. In slq>le tens, fatigue related issues have 
bean distributed to the operational coaaunlty. Fatigue awareness Is very 
IqMrtant alanent to a successful FlifP because It is the aircraft operator who 
ultinataly has direct control over the anount of fatigue danage that occurs 
during a given flight. 

4.a.2 Usage Chaxaotexlsatloa 

Usage characterization Is the gathering, processing, interpretation and 
analysis of the in-flight recorded data, mis eleaent Is fundanantal to the 
FU(P iMcause accurate and current aircraft usage data aust be aada available to 
the fleet and squadron aanagera. Furthenore, these data aust be presented in 
a condensed, simile, easily understood (e.g. ■user friendly*) foraat or the data 
will not be fully utilized or nay even be Ignored, me gathering and processing 
of the recorded data foras part of the Aircraft Structural Integrity Program 
(ASIP) which defines the aanagaaent of the aircraft's structural integrity using 
Individual Aircraft Tracking (lAT) activities for accurate fleet fatigue 
monitoring. Every CF-18 is equipped with a sophisticated usage tracking system 
called the Maintenance Signal Data Recording System (MSDRS). Figure (7) shows 
the various components of the tracking systea and the types of data that are 
recorded, me data collected la process^ through a computer code called the 
CF-18 Structural Life Monitoring Prograa (SIMP) located at the CF-18 System 
Engineering Support contractor (SESC), Canadair. 

In addition to a nuaber of flight and engine parameters, the MSDRS 
monitors, at 10 H, frequency, the sequential occurrences of the strain sensor 
readings and records the strain peaks and valleys for the seven locations shown 
In Flgure(8). me strain sensors are specific to a material and are Installed 
by the manufacturer during production. me locations of the sensors were 
selected by the aanufacturer based on the criticality of the structure, its 
accessibility and the degree of protection froa accidental damage, mere is a 
primary and a backup sensor at each location although only one sensor is 
connected. Should the active sensor tall, the alternate one must be aanually 
connected. 

me direct aeasureaent of strain allows an accurate determination of the 
stress at a given location. Hence, the fatigue calculation can be based on the 
actual stresses experienced during flight, mis aethodology Is discussed in 
detail in the subsequent paragraphs. Use of direct strain aeasureaent 
Inehrently acounts for airspeed, altitude, weight, stores configuration and c 
of g variation within a flight. However, the accuracy of the fatigue 
calculation la dependent upon the reliability and proper Installation of the 
strain sensor systea. 

4.8.3 auldaaoe aad Control 

me objective of this FIMP eleaent Is to control the fatigue daaage 
accuaulatlon through the use of various aeasures, based on the information 
provided by the SIMP. For this essential eleaent to be successful. It aust be 
aanaged by the q>erational coaaunlty. Daaage control aeasures are discussed in 
detail in the subsequent paragraphs. 

4.3 Data Haadliag aad Report deaeration 

Every CF-18 Is equipped with a cassette recorder mare all the data 
collated by the MSDRS via the alssion ooi^tar are stored. Nhan the cassette 
is full, or when the data Is required, it Is rea o v ed froa the aircraft and 
strl^Md at an Integrated Ground Data Station (lODS). An Aircraft Data File 
(ADF) la created which contains all of the cassette data plus an inforaatlon 
header. Figure 9 gives a graphic raprssantatlon of the data flow froa aircraft 
to base. 

A liaitad fatigue analysis ooda aad r^^rt generation capability, which 
Is called the Patlgua Life Inforaatlon aad Evaluation System (FUES), has been 
installed at each of the CP-18 Rain operating Bases (MOB). The FLIES can 
provide, on daaand, relative fatigM daaage severity infoteatlon on individual 
squadron airezeft using a aenu driven aoftiiere package. The systea enables the 
bese to carry out a limited fatigue daaage calculation which can be used for 
assasalng the severity of individual flints. A statistical average for each 
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■ission and for each squadron has been deterBlned (and is constantly updated) 
and serves as a neasure of the relative severity of a given flight or nlssion 
profile. The FLIES provides current processed fatigue inforaatlon as rapidly 
as possible Baking it a valuable fatigue BanagoMnt tool at the operating base. 

The Aircraft Data Files (AOF) are sent from each of the CF-18 MOBs to the 
System Engineering Support Contractor (SESC) for archiving and subsequent 
processing through the Structural Life Monitoring Frograame (SIMP). Various 
fatigue reports are generated from the SIMP, including: 

a. Monthly Report : This operational level report provides cumulative 
fatigue damage information on Individual squadron aircraft. The 
information includes mission severity figures, individual aircraft 
fatigue damage, strain sensor stattis tables and aircraft fatigue 
damagii trends in terms of the monthly and cumulative historical 
damage rates. Most of the information is provided in a graphical 
format to simplify the interpretation; 

b. Quarterly Report : This command level report provides cumulative 
fatigue damage information on individual aircraft squadron, and 
fleet trends. In addition, the report provides VGH data, H, 
exceedance curves, ai:gle of attack (AOA) data and average weight 
statistics; 

c. Annual Report : This is an engineering level report which provides 
very comprehensive fatigue data, VGH, weight, N, exceedances and AOA 
data. This report la reviewed by the engineering staff to ensure 
there are no unusual trends that may not be obvious on the more 
limited monthly and quarterly reports; and 

d. Soeeial Reports ; Canadalr also produces specialized reports for 
specific requests and is capable of accessing any of the historical 
MSORS data as required. For example, during our involvement in the 
Middle East each aircraft Involved in the operations were 
Indapendantly tracked to monitor the severity of usage during the 
deployment period. 

Figure (10) provides a graphic representation of the data handling 

process at SESC. 

4.4 Data Froeasslmg Mathodelegy - CF-ia SBSC, camadair 

The SIMP is a complex computer program which uses NSDRS data to produce 
the various fatlgua reports previously discussed. The SIMP expresses damage 
accumulation in terms of fatigua life expanded (FLB) and the FLB rate, which is 
the first derivative of the FLE curve expressed in FLE per 1000 flying hours. 
The FLE represents the amount of fatigue damage an Individual airframe has 
accumulated as a fraction of the total life of 6,000 flying hours representative 
of the design usage spectrum. This linear relationship was established using 
the information collected during the F/A-IS full scale fatigue test conducted 
by the manufacturer. However, because of differences between the design test 
spectrum and CF in-service usage, and differences lietween the test article 
configuration and CF-18 fleet configuration, the CF currently applies a scatter 
factor of 3 to the manufacturer test which results in a safe life correspondiiig 
to a FLE of 0.667 at aircraft retirement. 

Reference (9) provides a detailed explanation of the methodology for the 
calculation of the FLE values. However, it is useful to briefly discuss the 
general princlplas involved to provide some insight into the significance of the 
FLE. For the purpose of the fatigue calculations, crack Initiation wss defined 
as formation of a crack of O.OI inchaa. Thasa cracks usually originate at 
locations of tensile stress concentrations tdisre the material yield strength is 
exceedad when high load magnitudes are encountered in-service. From the in¬ 
flight MSDRS recorded strain peaks and valleys, a representive loading spectrum 
is generated, and by using tha matarlal stress-strain relationship, the 
corresponding stress spectrum la obtained. 

To increase the accuracy of tha damage calculations, there must be some 
method of accounting for local plastic deformation which will occur around areas 
of high stress concentration such as bolt or rivat holes. These areas are 
considered material notches for the purpose of analysis. At tha root of tha 
notches, where the material has dsfomsd plastically beoausa of some overload 
conditions, thora is s isxys wolsas of snyisldsd sstsrlsl surrounding tha 
yielded area. During mtloaduig, this large voluas of unylaldsd material induces 
residual ooapresaion strassas whiota retards the cra^ growth. However, these 
residual coaprassive strassas osh be reduosd, eliminated or even form a tensile 
residual stress it ra v arsad loading takas i^aea and causes local yielding in 
coapreasion. To obtain tha notch stress spectrum froa tbs stress spectrum 
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Neub«r's rule Is applied. Flqure (11) shows the concept of the detenination 
of the crack initiation life once the notch stress spectrua is obtained. The 
hysteresis curve, %dilch is unique to each aaterial is used to find the 
equivalent strain. The use of the curve accounts for how an aircraft has flown 
in the past with respect to the application of high stresses which aay have lead 
to local yielding. The equivalent strains are used to obtain the anount of 
danage per cycle. The linear sua of this damage per cycle (aiqillcation of 
Miner's rule) gives the crack initiation life. The FU is expressed as the 
total damage accumulation to date divided by the total structural fatigue damage 
required to initiate a 0.01 inch crack under the design loading spectrum. 

After initiation, the remaining life of a crack is used up through crack 
growth. It is possible to analytically predict the crack growth phase by use 
of one of a number of crack growth models. Currently the SUP does not 
calculate the crack growth based on the M5DRS data, however it is intended to 
incorporate a crack grotrth prediction nodal into the SUP at some point in the 
future. Improvements to the FLB calculations are also expected to occurr 
concurrent to the full scale test activities. 

4.5 Fatigue Damage Control Measures 

The CF-18 FUP has received excellent support from the operational 
community. It was recognized by senior Air Force officers that unless some form 
of guidance and control was implemented, the CF-18 would not achieve its 
Intended service life. Beginning in March 1989, formal guidance and control 
measures were put in place. Typical measures include a reduction of mission 
severity, control of the aircraft configuration, rotation of aircraft between 
squadrons, optimization of mission profiles to limit the fatigue damage incurred 
and various other measures. Some measures which have been implemented include: 

a. Mission Severity Reduction: Figure (12) shows the relative fatigue 
severity of specific missions within a squadron. Steps are taken to 
reduce the severity of certain mission by reducing high "G" 
manoeuvres which where not required by the nature of the operation. 
This figure is also used at squadron level to facilitate the 
aircraft utilization scheduling such that aircraft with high 
accumulated damage are used for less damaging missions; 

b. Aircraft Configuration Control ; Figure (13) shows the effect that 
aircraft configuration has on the amount of fatigue damage that is 
being accumulated. It has highlighted the need to carefully manage 
the aircraft configuration during squadron training. For example, 
the CF-18 are no longer permitted to fly with a centreline fuel tank 
unless specifically required l>y operations. As indicated, this 
configuration is the most damaging and was used constantly prior to 
the implementation of the SUCP: and 

c. individual Aircraft Fatigue nuMM yont-.rnl: Figure (14) shows the 
status of each individual squadron aircraft in terms of its wing 
root rue and its current flying hours. The lines on the figure 
define a Fatigue Usage Management Envelope where aircraft should be 
contained in the middle ■'yellow" zone. Each aircraft is represented 
by a black square and the small lines give the FLE rate at which 
that aircraft flew during the previous month. This figure is 
updated monthly, and allows each squadron to manipulate individual 
aircraft by using then in either high or low severity missions 
depending on their cumulative FUS and current FIE rate. 

The reduction of fatigue damage accumulation is a vary high priority 
issue within the CF. Ptogrese briefings are bald periodically at vary senior 
levels. The Vice Chief of Oafenca Staff (VCDS), tha Daputy (3>iaf of Dafenca 
Staff (0CD8), Cooandar Air Cnaund and Coamandar Fi^itar Group ara all briafad 
on a regular basis by tha Air Oparatlons staff (asslstad by tha Air Enginaarlng 
staff). Each Squadron Coamandar is hald rasponsibla (and accountabls) for tha 
parfomanoa of his squadron in tarns of tatigua damaga accumulation. Tbara ara 
junior officers at each equadron appointed as FLMP r^presantativas in casa there 
are questions or problems. 

4.8 or-ia tun cueeem t btatvs 

The CF-18 FIJIP was introduoad in January 1988 with tha coaaancaaent of 
fatigue awaranass briefings and infotaation packages. Fatigue control measures 
wars formally introducad In Hurob 1M> to oolnclda with the upgraded fatigue 
tracking aoftwasa (SIMP and FUSS). Tha fatigue damage rata for the fleet has 
been raduoad by approximately 34% since tha Introduction of tha fatigue damage 
control aaasuras. Flgura (IB) abosa tha incrama n tal PU rata. Milch is an 
indication of tha severity of flight for a qMOiflc period of tlaa plotted 
against calendar data. Tha oentianoos downward trend can be ssan. [There are. 
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as vould ba expected, soaa anoMlles to the trend such as the rate for the 
second quarter of 1990. Detailed review of the data during that quarter 
revealed that the high PUS rate was priaarily attributable to an annual air 
coabat exercise held in Aprll/Kay, and increased training in the operational 
training squadron. The third quarter data shows that the rate of fatigue daaage 
accuBUlatlon is continuing to decrease.] Calender fluctuation in the fatigue 
daaage trends are inevitable but can be ainiaized by processing data on a 
regular basis (in the case of the CP, aonthly and quarterly) and ensuring that 
the processed data is fed back to the operational coaaunity. Plgura (16) gives 
the aonthly data froa a squadron Involved in this annual April/May exercise and 
shows the effect that a single calender event can have on fatigue damage 
accuaulation. 

Fatigue daaage is the prlaary indicator for deterainlng the life of an 
airplane. Hence, any reduction in the rate at which an airfraae or fleet 
accuaulates fatigue daaage (which la the objective of a PUIP) will result in an 
extension in the life of that fleet. Plgure (17) shows the percentage fleet 
size as a function of tiae (in years) and deaonstratea the effect that damage 
trends have on fleet attrition. It shows that because of the iapleaentation of 
the CF-18 PIMP, the life expectancy of the CP-18 fleet has been greatly 
increased. In fact, each airfraae in the fleet has already galnd two years of 
further operation. The resulting cost benefits are substantial and easily 
justify the expense involved in establishing the PIMP. 


5.0 LMsom uMono 


5.1 CP-18 DABTT 

Froa a fleet aanageaent vle«(polnt it is too early in the F/A-18 IFOSTP 
to derive any aeaningful lessons learned at this tine. Nevertheless, project 
planning and scheduling activities have highlighted the difficulties of project 
managenent, of joint intematlonnal venture and the significant level of effort 
required for the coordination of the engineering activities between the project 
partners. 

5.a CP-IS PIMP 

The CP-18 PIMP has evolved over the last several years as the users have 
become more familiar with the aechanlama of the programme. As with any complex, 
software based programme, there have been significant growing pains and several 
lessons learned. Many of the lessons learned are unique to the CP-18 PIMP and 
the fatigue tracking system it is based upon (the SIMP/MSDRS), however many are 
common to any fatigue management programme. The following paragraphs discuss 
some of the lessons learned through the implementation of the CP-18 PIMP. 

a. Accuracv/Heliabilitv of Strain Measurement 

The use of measured strains in the fatigue daaage calculation 
greatly improves accuracy because aircraft parameters such as 
weight, configuration, velocity, altitude and others are inherently 
taken into account. However, the aconracy of the strain measurement 
is very important. The strain sensors on the CF-18 were installed 
at time of manufacture were never calibrated because the 
manufacturer determined it was not required. It has recently been 
discovered tliat the wing root recorded strain measurement for a 
reference manoeuvre differs from aircraft to aircraft as a result of 
strain gauge drift. These differences in actual strain readings 
lead to inaccuracies in the fatigue daaage calculation. The problem 
is being resolved by carrying-out in-fli^t calibration runs to 
provide a scaling factor for the aeasursd strain. The historical 
data for all aircraft will be repro ce s s ed to determine an accurate 
PLB. These are ei^easivs and time eensnaing tasks, and highlight 
the requirement tor ensuring the strain measuring device is accurate 
and calibrated on a regular basts. Sowevmr, the calibration process 
can be reduced to the performance of a few reference manoeuvres anj 
easily performed during aaintenance test flights. 

Ihirtbaraore, the reliability of the strain Sensor must ba high. 
Pailuze of a strain sensor introduces fill-in algorithms which give 
an aatimata of the damage incurred during the period the strain 
sensor was not functioning. This damage fill-in is based on other 
recorded aircraft parameters and, in the case of the CP-18, is very 
conservative. Therefore, for an axtendod period of damage fill-in 
the rut will be artifieally inflated. This is very costly because 
an inflated PU can naan an average aircraft will be removed froa 
service prsaaturely. More aeearate PUC fill-in algorithms are being 
devised as part of the nutP accuracy laptovaaoMt. 
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An affactlva PIMP auat hava aupport froa tba aparatianal aaoMinity 
at all lavala> Mhila tha anginaarlng eoaninity provldaa tha fatigua 
danaga infonatlon and atrlvaa to naka It aa aoeurata aa poaaibla, 
It la tha oparational jnaaunity that mat uaa this data to aaka tha 
PIMP a'taetlva. In tha oaaa of tha CP-IS, tha control and 
iaplOBit- ; atlon of tha PUIP raata with tha Dlractor of Air Oparatlona 
and Training. Thay hava Initlatad changaa to atandaid aircraft 
oonflguratlona, to eartaln Blaalon profllaa and to tba oparational 
training ayllahua In an affert to radnoa tha rata at whl^ tha 
aguadrona and flaat aircraft aocuaulata daaaga. 


Por a PIMP to function, aoourata daaaga raperta Bust ha provldad In 
a tlaaly aannar. It la of llttla uaa to provlda aoourata fatigua 
raporta twalva aontha aftar tha raportlag parlod. To oentrel tha 
fatigua daaaga aocuaulatloa affactlvaly, tha fatigua raporta for a 
glvan parlod auat ha produoad and laauad quickly to provlda faadback 
on tha affact of any fatigua raduetlon or of any rela rrhanya that 
Bay hava oecurrad. Tha reporting parlod auat ha auffielantly 
fraquant to Idantlfy calandar tranda and allow tha aanlpulatlon of 
Individual aircraft If raqulrad to raduca tha fatigua aofniaulatlon 
rata. In tha caaa of tha CP-lt, aonthly rap o rta which datail 
Individual aircraft and aquadron tranda ara provldad. Thay ara 
diatrlbutad within 45 daya of tha and of tha raportlng parlod. 
Quartarly raporta ara provided which datail aquadron and flaat 
tranda. Thaaa raporta ara typically diatrlbutad within 60 daya of 
tha and of tha raportlag parlod. finally, annual anginaarlng 
raporta which provlda vary datallad inforaation on all aircraft ara 
laauad within 120 daya of tha and of tha raportlng parlod. To 
provlda an avan quickar faadb a ck, a baaa laval fatigua 
procaaalng/raportlng ayataa haa baan inatallad at aach baaa. This 
syataa la capidila of providing ralativa fatigua daaaga tranda for 
Individual aircraft or squadron on daaand. Tha data will typically 
ba no aora than 7 days old. This baaa laval systaaa providas very 
rapid faadback on tha savarity of individual aisslons. Por axa^>la, 
tha affect of a fatigua reduction aaasuros, such a change in 
configuration, can ba easily dataralnad. 


Por the fatigua daaaga reports to ba of use, tha data Bust ba 
presented in a relatively siapla Banner. The CP-18 PIMP reports 
provide Boat data in a graidilcal foraat. It was found that squadron 
and flaat aircraft aanagars did not hava enough tiaa to sort through 
tables of data looking for tranda or even individual aircraft 
fatigua daaaga inforaation. Tha graphic prasantatlon la extraaely 
affective for highlighting problaa aircraft or Idanti^ing squadrons 
that have not aanag^ thalr fatigua daaaga accuaulatlon properly. 


Tha iaplaaantatlon of fotaal fatigue daaaga control asasuras ensures 
that steps ara taken to raduca the rata of fatigue daaaga 
acotaulation. Tha CP-18 PIMP cuwanrart with the Introduction of tha 
fatigua awaranass alaaant. soaa suecaaa was Initially acblaved as 
parsonnal gainad an appraciatien for tha causae and consaquances of 
fatigue daaaga. B owav ar , it was found that as tlae progressed, tha 
Initial gains vara lost and tha savarity of flying bagan to 
ineraaaa. Thla hlghllghtad tba need to have oa-going fatigua 
awaraaaaa aotivitiaa at all lavals froa prlaary flying training to 
aanlor aanagsaant It aloe dSMon at ratad the raqul r a a a n t to 
introdnoa aaaa foraal fatigua taduetioB aaasuxaa. Tha Introduction 
of thaaa (oraal fatigua oentrol aaasuraa has rasultad In a 
significant dow nw ard trend. Hhan staad]r~atata la aohiavad and If 
further raduetleaa ara still raqulrad, than It would ba naoassary to 
Introduee aora savara oontrel naasures such as budgeting tha PIM 
eonsuaptloa by squadron. 


Tba CP-lS PIMP haa baaa vary aftaotlva la raduolng the aoeoaulatloa of 
fatigue daaaga la tha neat. The yrnai iMs has baaa flaalbla anou^i to 
to tha varloua dananda of the flaat aad ag u a divai aireraft aa n a g a rs ter apaoiflo 
usage Hifecaatlda. Tha fsa dbae tk of data to tba eparatleael eoBMlty haa b^P^ 
to anaura that atapa ara tafeaa to properly a a n a g a tha ladivldnal aireraft within 
a squadron. 



«.0 C0IICL08I0W 

The full-scale tiestlng of the P/X-ls Is a aajor progranae in both Canada 
and Australia which utilizes extensive engineering and financial resources. 
However, this investaent is aore than justified in light of the returns offered 
by the continued airworthiness of the airframe and by the deterainatlon of its 
aaxiaua econoalc life to support life extension activities. 

The objective of the CF-18 fIJtP is to ensure that the aaxiaua life of the 
airframe is achieved by controlling the aircraft fatigue duage accumulation 
while aalntainlng operational effectiveness. To accoapllsh this objective the 
CF have laplemented a programme which includes on-going fatigue awareness 
training, the gathering and processing of fatigue usage data, and the 
controlling of the fatigue accumulation rata for individual aircraft. The 
success of the programme is demonstrated by the 24 percent reduction in the FLE 
rate which has been achieved. 

The success of the CF-18 FUlP can be, in part, attributed to: 

a. The participation and support of the CF-18 operational community at 
all levels. It is the responsibility of the engineers to provide 
accurate and current aircraft fatigue damage data, but final 
responsibility must rest with the operators; 

b. Individual Aircraft Tracking (lAT). The ability to track via the 
MSDRS the fatigue accumulation on every aircraft in the fleet has 
enabled the CF to manage the fatigue lives of each Individual 
airframe; 

c. The Structural Life Honltoring Program (SUIP). This fatigue 
processing system provides accurate and timely reports. Reporvs are 
produced monthly, guarterly and annually and, because of the 
graphical format, are easily interpreted by all users; and 

d. The base level Fatigue Life information and Evaluation System 
(FUES). This fatigue data processing/reporting system provides 
very current (less than 7 days old) fatigue damage severity data on 
a fllght-by-fllght basis. This system provides a rapid feedback to 
squadron and Air Command on the effect of any changes to the 
aircraft usage or configuration. 
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Table 1 CF-18 Usage Severity to Test 

Spectrum 
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ABSTRACT 

The G-222 is a transport aircraft designed 
about 20 years ago; fron the fatigue point 
of view the design is of the conventional 
■Safe Life* kind, verified by neans of a 
full scale test. The aircraft was equipped 
with a counting acceleroneter, whose re¬ 
cordings have been used, together with the 
pilot-conpiled foms, for the evaluation of 
life consuBption. 

In recent years, following the Oanage Tol¬ 
erance evaluation of the structure, a dif¬ 
ferent approach has been developed for 
fatigue dasage sonitoring: the sane input 
data are used for the prediction of crack 
growth. The aaln drawback of this approach 
is the lack of Infomation about the se¬ 
quence of load application, so that only 
non-interactive eodels can be properly 
used. 

For this reason, AERITALIA decided to !■- 
prove the quality of inflight recorded 
paraneters in order to get nore infonaation 
about the actual usage, while also taking 
the sequence of load application into 
account. 

The sain lines of this activity, which is 
started now, are described and discussed. 

1. INTRODUCTION 

The G-222 is a sedlun transport aircraft 
designed by AERITALIA to nest the Italian 
Military Air Force (AMI) utilization re- 
quirensnts, in order to replace the C-119 
and to Integrate the C-130 in the AMI 
transport systea. 

Taking the expected usage, described in the 
AMI Technical Specification, into account, 
the fatigue strength of the G-223 airfrane 
has bean evaluated by theoretical analysis 
using the traditional Miner approach and by 
full scale fatigue tasting. The low nunbar 
of failures that took place during the full 
scale fatigue test, and their low relevance 
for the safety of the flight, prove the 
satisfactory fatigue strength of the G-222 
structure. 

To laprove the structural Maintenance Plan 
(SMP) and for possible future applications 
of this aircraft, AERITALIA decided to de¬ 
velop an Individual Aircraft Tracking (lAT) 
prograa, in order to verify the actual 
utilization and to update the SMP, If there 
is no agraanent with tha baalc utilization. 
This activity ia still in prograss. 

2. DESCRIPTION OF THE G-333 

Tha 6-222 ia a transport aircraft, fig. l, 
powarad by two turboprop Mginaa, optlaizad 
for aadiua payloads on aodlua ranges. It 
poasassas a vary high veluae/payload ratio 
and is abla to oparata In a variaty of 
rolas; it is eapabla of oparating fron 
sasi-praparad runways. 


The first flight of the first prototype 
took place in July 1970. The second 
prototype nude its first flight one year 
later. The results of the flight testing of 
the two airplanes contributed to the final 
assessment of the AMI Technical Specifica¬ 
tion, that was issued in 1973. 

On December 1975 the first G-222 production 
model took off and began its flight test 
program; three other airplanes were exten¬ 
sively tested at the AMI Experimental 
Research center to check systems reliabili¬ 
ty and to acquire operational and logistic 
experience. Special attention was paid to 
ground-flight tests to evaluate the loads 
due to taxi and take-off runs on semi-pre¬ 
pared runways. All tests were satisfactori¬ 
ly completed in the first half of 1978. 
About 100 airplanes have been produced up 
to now.The fleet has now accumulated about 
120000 flight hours (4000 FHs for the 
oldest aircraft). 

Four typical missions were used in the de¬ 
sign of the aircraft, fig. 2 : 

- Basic mission 

Distance lOOO Km (2 flights, return 
without refuelling) 
Cruise Altitude 300 m 
Take Off Neight 22360 Kg 

- Heavy mission 

Distance 1800 Km 
Cruise Altitude 4500 m 
Take Off Weight 25560 Kg 

- Max Payload mission 

Distance 550 Km 
Cruise Altitude 6000 a 
Take Off Height 26500 Kg 

- Ferry mission 

Distance 4500 Km 
Cruiae Altitude 7600 a 
Take Off Weight 25100 Kg 

The mixing of tha fore-mentioned missions 
in the design spectrum is as follows: 

- Basic Mission: 2022 missions (4044 

flights) squivalent to 7000 FHs 

- Heavy Mission: 1742 flights equivalent to 
9000 FHs 

- Max Payload Mission: 1915 flights aquiva- 
Isnt to 3000 FHs 

- Ferry Mission: 87 flights equivalent to 
1000 FHs 

Typical missions and versions are: 

- Paratroop dropping mission (40 paratroop- 

ers) 

- Troop transport mission (44 fully equip¬ 
ped troops) 

- Materials transport mission (Max payload 
9000 Kg) 
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- Materials airdropping alsslon (Max single 
load 5000 Kg) 

- Fire-fighting version (Retardant aax 6800 

Kg) 

About 50 G-222S were bought by AMI while 
the others were sold abroad. 

3. FATIGUE DESIGN AND CERTIFICATION 

The G-222 has been designed in accordance 
with the "Safe liife" design concept; the 
life goal was 20000 FHs, with a scatter 
factor of 2.5. Full scale testing was 
carried out to deMonstrate a 50000 FHs 
fatigue life under AMI utilization, tig. 3. 
The test article was a cosplete airfrane 
structure with the exception of: 

- Landing gears 

- control surfaces 

- Horizontal tail 

which have been tested separately. 

The fatigue load spectra for full scale 
fatigue testing were derived froa the G-222 
■Isslon profiles, fros ESOU 69023 (Vertical 
and Lateral Gust Spectrua) and froa MIL 
Specifications: MIL-A-8866 (Manoeuver Spec- 
trua), MIL-A-8866 B (Taxi Spectrua and 

Landing Spectrua). The taxi spectrua was 
Bodifled to ta)ce into account ground opera¬ 
tions froa seal-prepared runways. In order 
to reduce test tiae and costa, a truncation 
level and an oaission level were applied to 
the load spectra: 

- Truncation: the load levels occurring 
acre rarely than 10 tlaea in the life were 
not applied; this is "an arbitrary choice 
but it still seeas to be a reasonable one", 
/!/. 

- Oaission: the load levels less than 22% 
of the aean load for vertical loads and 
less than 14% of the aaxiaua alternate load 
for lateral loads ware not applied. The 
level for the oaission of vertical loads 
was the sane as the TWIST sequence, /2/. 

The four typical alssions give rise to 13 
different flight types whan different gust 
loads are taken into account. As an exam¬ 
ple, fig. 4 shows the exceedance curves for 
the cruise segaent of the 'Heavy' alsslon; 
in accordance with the TWIST philosophy, 
the saaa shape of the exceedance curves has 
been assuned for the different flights, 
which are characterized by different levels 
of severity. Flight A is the quietest, D is 
the most turbulence-disturbed. The continu¬ 
ous exceedance curve was discretized in 
five (or six in other cases) load steps. 
The taxi load spectrua is considerably less 
severe and therefore it has bean decided to 
approxlaate it by aaans of only one step. 
Loads in each flight segaent ware organized 
in a Low-High-Low sequence; fig. 5 shows a 
typical flight. The 13 flight types were 
grouped in a block corraspondlnq to 3000 
FHs on the basis of the flight nixing pre¬ 
viously described. This block, corre¬ 
sponding to 1/10 of the operative life of 
the aircraft, waa applied 25 tinea in the 
full scale fatigue test, /3/. 

Ho significant structural failuraa were ob- 
aervad during the imvactiona planned for 
the full scale fatigue test with the sole 
exemption of the eargo dow hooks, which 
raquired a saall aodifieation introduced in 
retrofit in all the aircraft. 

In noro recant years, following the affwt 
aade by aany aanufacturars concerning Daa- 


age Tolerance verification of aircraft 
structures designed according to previous 
rules, AERITALIA decided to carry out such 
an evaluation for the G-222 aircraft. The 
aaln purpose of this activity was the qual¬ 
ification of the structure in order to 
guarantee higher safety aargins against 
undetected or accidental structural daaage; 
in sone cases the Structural Maintenance 
Plan was reviewed and updated. 

The activity, carried out using nalnly 
analytical tools, demonstrated the high 
structural capability of the aircraft. The 
analytical Daaage Tolerance verification is 
still in progress and experiaental verifi¬ 
cation is planned to cover those areas in 
which this will be considered necessary due 
to narrow safety aargins. 

Fig 6 shows a typical result of Damage 
Tolerance assessment; the item is the link 
connecting the center wing section to the 
fuselage, which has )wen verified as a slow 
crack growth element. 

4. SERVICE LOAD ASSESSMENT 

As explained a)x>ve, the G-222 was designed 
about 20 years ago and, in accordance with 
the Bonitoring philosophy of those years, 
it was equipped with a fatigue load aeter, 
fig. 7. This instrument (counting acceler- 
oaeter) is mainly used to analyze the 
utilization of the aircraft. The readings 
of the fatigue aeter are collected in a 
"Flying Log and Fatigue Data Sheet", fig. 
8, together with the main information 
regarding the flight such as: 

- Heights of the aircraft (Total weight, 
fuel, stores carried, air-delivered 
stores) 

- Number of landings 

- Times (Duration of the flight, tiae below 
1500 ft, tiae with flaps down) 

- Average Height (Cruise, below 1500 ft) 

- Presence of turbulence 

- Flight type (Training, long range trans¬ 
port, short range transport, air deliv¬ 
ery, etc.) 

This infonMtion was used to evaluate the 
life consuaption of the aircraft by a 
aethodology based on the original Safe Life 
design of the aircraft (Miner rule). The 
accuracy of these evaluations is liaited by 
the quality of the input data. The counting 
acceleroaetar can be used to evaluate the 
fatigue life consuaption of those coapo- 
nents of the aircraft whose loads are 
closely correlated to noraal acceleration, 
aainly the wing and tba fuselage. The 6-232 
is e rather stiff aircraft, so these evalu¬ 
ations can be carried out with sufficient 
accuracy by aaans of aiapla linear transfer 
functions. For those coaponents in whi«di 
life consuaption does not depend on noraal 
acceleration, the daaaga in evaluated on 
the basis of a "duaay" flight reconstructed 
by using the input data of the current 
flight. 

Pig. 9 shows an axaapla of fleet aanagaaent 
based on a p^^ulation of five airplanas; 
every 300 FHs the fatigue daaage acou- 
nolatad is updated and cosparad with the 
reference daaaga, idileh la evaluated In the 
full aoala fatigue test sequence. Conse¬ 
quently, the aircraft are rotated in dif¬ 
ferent relae in order to have a hoaog^naous 
life conauaption. 

Following Daaage Tolerance verification. 


th« procadur* for life consmptlon evalu¬ 
ation was Isproved: the Intomatlon of the 
counting acceleroseter and of the Flying 
Log is used to reconstitute the load 
sequence of each flight in the Structural 
Significant Itens which are used as control 
points. 'Then crack propagation is evaluated 
for these Iteas by using a siaple linear 
algoritha, as the counting accelerometer 
cannot give information on the load 
sequence. 

The main drawback of this procedure la the 
low quality of the input data and the lack 
of information on load sequence. For these 
reasons. AERITALIA decided to improve the 
amount and the quality of the input data 
for the evaluation of life consumption. 
This objective will be reached by in¬ 
stalling a digital flight recorder; log- 
forms and counting accelerometers will be 
maintained. The aim of this operation is 
the improvement of safety in aircraft usage 
and the reduction of maintenance costs. 

Several parameters will be automatically 
recorded, such as: 

- Height 

- Indicated airspeed 

- Vertical and lateral load factors 

- Power setting 

- Aircraft pitch angular speed and accel¬ 
eration 

- Elevators deflection 

- Flaps deflection 

- Dynamic pressure 

- Mach number 

- Fuel weight 

- Incidence angle 

while the following data will be manually 
recorded together with Information on 
inspections, repairs, part replacement and 
component interchange which may affect the 
predicted structural damage status on a 
particular aircraft: 


on to linear crack grotrth analysis based on 
the same input data, and then to crack 
growth analysis which takes load sequence 
effects into account, based on a larger 
number of recorded parameters. 

The development of this methodology, whose 
definition has not yet been concluded, has 
been considered necessary to improve safety 
in utilization of the aircraft, to reduce 
maintenance costs and to comply with modem 
airwoirthiness requirements, which put 
greater entasis on the control of the 
crack growth process. Anyhow, the simple 
lAT methodology currently applied is 
justified by the fatigue soundness of the 
design, which has been confirmed by the 
results both of the full scale fatigue test 
and of subsequent damage tolerance 
analysis; beside, it must be borne in mind 
that the principal customer, AMI, utilizes 
the airplane in a quite homogeneous manner, 
fully consistent with the design spectrum. 
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- Date of flight 

- Aircraft Serial Number 

- Base Coda 

- Accumulated flight hours 

- Progressive mission number 

- Mission coda 

- Take-off weight 

- Stores carried 

- Air-delivered stores 

- Flight duration 

- Number of landings 

These data will be analyzed by a computer 
program to chock their validity and consis¬ 
tency. For ths valid sot of parameters, 
time-history will bo raconstitutad and 
utilized for crack growth analysis accord¬ 
ing to an Interactive model (gonerallzed 
Hillenborg). The resulte of this analysis 
will update the data bank used for the 
managomont and possible rotation of the 
airplanes of the fleet, 

5. CONCLUSIONS 

The amilability of mora modem and 
powerful inatroaants for flight data 
recordings makes it poosibis to manage a 
float by moans of mora oomplox and raliabla 
methodologios. 

The paper has shown, in tho caeo of e-323 
aircraft, how the Individual Aircraft 
Tracking mathodology has avolvmd, atarting 
from Klnar rule calculations based on 
counting aoealaronator roadingo, and going 








Pig. 1 - three views of G 222 aircraft. 

TYPICAL TRANSPORT MISSIONS 


Take off weight s S8 400 lbs. 

(26 500 Kg) 

Reserve fuel -= 10% of initial fuel 



T-1-1-1 


297 n.«i. 940 n.ai. 972 n.Bl. 

{990 KM.) (1000 n.l (1900 lOi.) 


Pig. 2 - The four typical ■iaaiono of 6 223 aircraft. 






























rig. 6 - Bxaapla of Dma^a Tolarmoa aBalysia 
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since tbc introduetlen of the weepen ayotom io Che URiAF, load aonlfcorlng bu been cczxled out 
with « Meebcnlcal Strain taeordsr (MOl) In aach aircraft and « Pll^t Loads Racordar (FUt) In ana 
ala^ of tiia flaat. 

Proa 1990 on, dMsa raeardara have baan raplacad by InatnaMntatlon which la eapabla of racordlnR 
paal» and trou^w In tha signal of a stralngaga at tha location of tha HSR. This naw Instnaantatlon 
has boon Inatallad In thraa aircraft par squadron, tha rasult Is a ealeulatad sawarlQr par nlssion 
type par squadron. Rp using tha nlssion typo nlxtura. tha aawarlty par basa, squadron or tall nuibar 
can ba ast^llshad. Znspaction schsnas, basad on tha racantly davalopad Plaat Structural Kalntananca 
Plan for tha RHUkP, can ba changed accordingly. 

Mission typo and t^ off configuration far each fli^t la available fron tha dabrlaflng fern. 

Baaldas tha single chanaal naaauranants. supporting naasurananta wltii nora channals hawa baan carried 
out. In this way It was ehackad whathor tha load sawarity for tha NSR location can ba used for other 
structural locations. 
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Since 1979 P-IS A/B aircraft are flying In tha RlRAP, replacing tha P-104 C and RP-S aircraft. In 
1991 die last squadron will ba squired with this aircraft. At tha tine of tha Introduction of the 
P—14 weapon syatan, inspection intarwals wars basad on danaga tolaranca and duri^lllty calculatlMis 
using tha design spactna. Proa tha start on, It was foraaaan to supply each operator wldi an lawUtad 
Plaat Struetursl Halntanaaea Plan (PSMP). Pbr this reason, a Pll^t Loads Racordar (PLR) was Installed 
In each slntfi aircraft. In dils way, tluaa years of actual ugggg and anwlroaaaot data of each 

operator ba n ana available far tha update of tha PSMP. Par tha RMLAP it was for tha fftst tine chat 
aircraft wore equipped with load nonltorlng lastronantatlbn fran the nanant of Introduetlen of tha 
aircraft. To cha USAP an updated version of tha PSHP was prasantad in 19M, for tiha RMLAP tha first 
part of tha u ^ta d PSHP hofnaa available In 19S9, rafaranca 1. It la axpactad that In 1991 tho laat 
parca af tha PSHP will ba ready far publication. In the ease of tha RMLAP tha update was node In tha 
franawarlc af tha ao-callad RPAP>AS1P progran which atartad around 19gA. In this progm for iho 
Rur a pa an Partlalpatlng Air Parcaa also use has baan nada of tbm roaulta roacfaad In thm USAP progran. 

Also fron the introduction of the aircraft In VIAP Inventory, oa^ P-14 was equipped with the 
Lal|h Hachanlcal Strain Ineardar <m) in order to carry out Individual Airplane Tra^ng (lAT). Tha 
HSR raearda by naana af a aerateh on a natallle capa a atraln which la proportional to cbo wing root 
bonding nanant. In tha proaant papar It will ba diaeuaoad stay tha RMIAP has dacldad to build out tha 
PIR and HSR Inatcwontatlon n^ raplaeo it by a anart olaeeronlc dawico In a llnitad nnihar of 
aircraft. 

A daoarlptioo will ba given of tbm oot-t^ of the data collacting procadura and of tbm aetlons taken to 
a n aur a tin quality of ttm aecnMlatod data. 

Actantion will ba given to tbo ealculatloo of tha *danafa*. In tamo of crack gr ow th , of the rocerdod 
load aaquoncaa. ta^laa of tbo data racordad and edSaiqiianc analysis moults of the data base will bo 
■boon In tbm nost ehivtor. 

Za Cho loot ohopeor oonachli^ will bo told about ot yp s r t ing nnlti-ehonnol nooouransnta In wbieb 
booidoo vortianl oaoolomtion ond wing root bondlog otrala aim a otraln at a dlffomat structural 
location boa bum roooedod. 


Ao n ant iansd bofom, tho load nmltorlng of tho P-td woo origlnolly plaonod to nako uoa af PUi and MBR 
InerifMirattan. Prowoootng ond analyalo of ths iceardod data worn to bo p orf omad in tho USA. Aftor 
Obont S ynoro of oporo ti on and rwiiOdlng cho HKAT otill bod not rocaivod book aqp msnlta. Za fact It 
■npiarad tbmt at that tSna Cham nm na nstnol aantroct «a inalyoo tha data. 


tr« at cha osna tint cha RMIAP did aa^rianea in oarvlea cracks at a total ao^or of fl1(^cheiiri 
jRMtod a nom oowom unoga and landing onvlroonont chm tho USAP. Also thorn woo oano eon co rn 
within cho MIAP ahont the ooaority of air dioploy flying. It ana doeldad to oqulp ana almraft mitb a 
ot^lo atcoingifB lootn—nractoii. lha ahaloa naa nada fOr a fbll orrslngags bfrtdgo at the lasattan of 
cha MR. In fiAm oog ic ooo poooihU cn aanpom Cha monlto af thaaa naaonconanco vlCh tho rooulto of 
cha MM mooedtago of cha HRAP ond othor olcdocooo (ooo Pig. 1>. 

At MR hot nlsnn^ got nod oo no onporUnoo «Uh the o o-oollod *Rpo«tcapot*10*. Ihtn la a 

aanlaa ant a*gnia^SdnoMon In fUg^c bp noaaa of a adom loaiisiVt^^lha signal u'aowXd^io^poaka 
and tsaniM cad an^ choao acn oaatad an a aoUd aanaa aMMcp. Alas it in pnaai hi a to mooed Ras 
nMho id Mo MMp. m ciia mp >d Id iBooh In aiiah post of a ai^ iho laodlag opnta onoai 
caagb mtw and tido dbih aon kn aot at difinnni v n i n ai. U mm dbaldM to cda Ckin Moa 
dmdaa inr ennoedlim af Mo dkta« Sn IMb Mo dooaoodmdfeo otaatod at Ma fiiot MHAF P-ld ait' 
oMn^ inanooidMi AM, nith ana aimiaft. 
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In 1915 two Born aircraft got frooiaiona for inatallatlon of a Spoetr^^t davico. Tha Intantlon waa to 
■aaaura oith too aircraft and baoo ona aircraft far aparo. 

Alao at tba aaeond F-16 air baaa, ohich bocaM oporatlonal In 1985, thraa aircraft racaivod prooiaiona 
for a Spoctrapot inatruBontatlMi. Froa aarllar load aaaauraaonta with F-104 aircraft a largo 
diffaranco in uaaga and loading a^Mrianea had boon ^aarvad batoaan tba coo air baaaa. Tba tMlAF 
wantad to know if Chia waa alao tba caaa for F^ld aircraft, baaidaa, at tha aaeond baaa a now voraion 
of tha F-18 aircraft, nanaly block IS inataad of block 10, waa Introduead. Ona of tha larger 
diffarancaa batwaan thaaa voraiooa ia a larger horisontal tall on tha block 15 varaion. 

In 1988 tb» photo raeonnaiaaaaca aquadron and a flrat squadron at a third air baaa convartad to F-16 
aircraft and again Spoctrapot inatnaaantation waa built in. 

In tha naantina. FUL racordara wora already built out idian tha analyaia of tha batch of flints 
roeordad till that aonant atartod at Ganaral Dynanlca in order to develop an updated version of tha 
FSNF for dia IMIAF. Baaad on earlier load aonitoring prograaia, reference 2, and the raaulta of tha 
Spoctrapot aoaauraaenta aofar, the UllAF waa of tha opinion chat the diffarancaa in uaaga and loading 
axporianea batwaan aircraft in aaae squadron were net large enou^ to naka indivlAial aircraft 

aonitoring raaulting in a different aaintananea schodula for each aircraft a necaaeity. 

In addition, tha rallablllty of the JISK, Its accuracy and tha ezporleneea with data procaaaing and 
data analysis were such that the IVLAF dacldad in 1989 to use only Spoctrapot inatrunentatlen for tha 
load aoaitoring of its F«16 fleet fraa Jaaiary !• 1990. The mmb^t of Spactrapot'a waa Ineraaaod to 
three par aquadron wi^ five aircraft par aquadron having proviaiona for the inatruaantatien. In diia 
way tiM iastruBMtatioB can be put in another aircraft in caaa of long tam aai nt a n a n ea or 
aodification of tha aircraft. 

In total 8 aquadrena are now equipped with the Spactrapot instrvaentatlon. Since the start of the 
prograa in 1984 new varaiona of the Spoctrapot inatnaentation her^e available with larger naaories, 
battar resolution, real tiae clock ate. Such a new voraion of the Spoctrapot, ''Spactrapec*4C*, is used 
for aost if the instruaentad aircraft, sea figure 2. 

Goal of the load aonitoring prograa is to keep track of poaaible changes in ugggg and leoAinf 
during oparational flights of the Ufl^. Inspection intervals aay bo adapted if the change 
with raapoct to tha rafarence usage and loading anvirooaent ia too large. For the raferanea tha 
oparational flying till about 1985 hea boan takan. This ia alao tho baaia for tho updatod FSMP for tho 
BIRAF which ia in uea froa tha baginning of thia yaar. 


Tha load aanltoriog of F«18 aircraft of tha WAF la carried out on a aaipla of tba flaat, naaaly on 
chrao aircraft par aquadron. laeordad aro a aaquanca of poaka and trou^ia In tha signal of a 
atralngaga bridge at tha orlglasl loeatioa of tha MR. Ihia location is on ons of tho asjor carry 
through bttlkbaada of tho F*18 airfraas. Ihs signal is raprssontatlvo for tho wing root bonding aoaont, 
idiich Is s good assaurs for tbs loodiag oxporiones of wing and coatro soetion of tha fusolsgo. 

Tha cboias has boan aoda for a full four gaga brldgo la ordsr to hava a largo signal and to have 
teapsratura ceape n e e tlon. The gagas havs an alactrical rasistanca of 350 Q and a gaga laagA of 8 m. 
They have bean aanufacturad by TNL (TTFI FCL>«-390>23). 

On tba aignal an analog filtarlng is parforasd tha Spoctrapot Instnasntatico, using a >3 dg point 
St 20 Rx. In addition, a ranga filter of ^out four parcont of Uio full aoaaurlng rang# is ussd for 
tho Spoctrapoc-4C, (about 7 porcont for tho Spoctrapot* 1C). 

FUr^r. a tlao nark ia sat after each half ainuta interval, <l ain for tbm Spoctrapot- IC). 

btamivo TO toaCa hava bean carried out on tba Spactrapot iaatnaaontotlon to chock on Miaaion and 
auacapcibllity. It ia vary laportant ta a^ aura ^lat the iaatruBantation ia net suacaptlblo for H. 
Bocauao of tho data raduction to peaks and troughs it la in gonaral tapoaaibla to toll froa tho 
raaulta vhaebar a paafc la a raaulc of a real loading of tba atrueCura or of DQ. 


• 1 rwir* — —T~ *—^ » -tf — -—■- 

In ar4*r to kn abln tn cnapnn thn rnntiiu of tha Sfootrapot inaauroaonta vlth thooa of tha m, tha 
ealihzatiaa of tha atraiataca hrldfa aai carrlod oat h; caa^arlnc tha raaaidad aaqimirn of m and 
Spactrapot of tha aaao fllghta, far aaiaplaa aaa ftfuraa 3 and 4. Ia both alkali tha aaaa. larva, 
load apcioa nira tafcoa aad aaboaquaatly a *IIS> p atraia* par Spactrapat-lc eoimt aaa darlaad. It la 
plaanad to rapaat thia eallbration for tha fpaetrapot-4C. With tha largar rsaalatlea tha seeuraey of 
tha calihratiaa can ba lapcacad. 

In addition, it waa faoid in a racaat iaaaatifation, rafaranea 3. dut tha aceuraey of tha MSR la not 
too vaad. Ihraa dlffaraat NMl'i oara aaad la thia taat. Tha aotput of tha HS'a aara ecaparad dth tha 

a anawa d atralaa of-on dM aaaa rod aa aUah two aHt’a aara laatallad. la a ttigm 

taatiai ■aahina a fdo toad apalaa wata appliad. Iha raanlt did aba* a larpa dlffdraaea ia tha autpat 
of tha m'a It laapa r ii vlth tha aaarava atiata of tba atralavayaa. naasly 2, 7 aad 14 pareaat 
aMllarl Sa It la naeataary to aalthtaca da tadlaldnal MB. abteb mil ba nsad fat tha eallhtatlaa of 
dw BtralavM* hridva. 


‘ ~ nr ~-r-tn-MMi wiflM 

la ftpara 1 taa lasatlaas tar tha atralavaai hrlQt ara ahtaa. 

At tha aanrt at tha Bfli^ praipaa a laaatlaa half aapr k a m ia tha attaah palats at tha MB wm 
daaaa. fartlr BkU aai BaaaB lafathWlM tah BMMal Bpwdlaa Mm da g r ad t a nt la dn stnda 
aaav dM h a lMw l aaa aaMl. Bmtadr. dd acaala dlaaMad allh iht —riln^- ranni aac ta ha 

u’wa'dam^ «»'iliaMaW*mcB atcataMW SmmSLi ataata dUttlha rta a wtm tha laaa tl a a at dd 
BM. la «Mal lf> ttdMMMM Mta plMil. Mb tHaiaft aaa aat ta Maaa Jaiha. laaiMl aaa V 

JaMd dda* dd a f a Btlfa it dd at iaitf t atlaB aataUdB BaM pafada. fld laad aaa bmmbmI atth a toad 
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e«Il b«tifMn tb« top of tho jock oad tho wliif. In this voy loods up to 6500 Ib could bo oppllod ot 
o o c h ving tip giving obout 23 porcont of llnic lood In tono of wing root bonding n ono n t,. too 
roforoneo 3. 

Plguro 5 ohowa dio otroln dlotrlbutlon In tho bulUiood. It woo found thot tb» otrolngogo bridge uood 
in tbo lood ■ooitorlng progron woo locotod in on oroo with o lorgo otroln grodiont oo o rooult of thm 
tronovoroo flongo. For procticol roooono it io odvloid>lo to uoo on oroo with o nor# unifom otroln 
dlotrlbutlon. In tMo woy. onoll difforoneoo in tbo MMCt locotlon of tho otrolngogo bridge between 
different olrcroft otlll give the ooao output. Ae o rooult o new locotlon for die otrolngogo bridge 
woo cheoen. (text, tbo *old* end the "new* bridge were pieced on the toot olrcroft end o footer between 
the ou^ut of both bridgeo woo eotobllahed. 


PlU hiNlilW 

Nenogaaent of the lood nonltorlng progrea for the F-16 olrcroft of the unAP lo eorrled out by In 
eoch oquodron on officer lo reoponolble for choi^i^ ^le oelld otote nenorloo ot o 25 houxo Intervol, 
(one week for Spectropot-lC), end If neceoaory replace die Spectropot to onotbar olrcroft with 
"provlalona for*. 

geoldoa the lead data on Che oolid otote nanery, f«r aaeh recorded a debriefing fom hoe to be 

cenpleted by Che crewchlef and the pilot, eee table 1. In thlo way, additional Infomotlon about the 
fll^t beeeaoa available. ,auch oo: 

Adainiotrotlvo data. 

Take off atore configuration. 

Mloolen type, including oone Infomotlon about nioolon content. 

Tdile 2 gives Che nioolon type deocrlpclon oo used in dilo progron for the UHAF. The deflnltleo of 
Cheoe nioolon typea have been decemined In clooe co^erotlon with pilots. It nay be clear Chet 
cenpletlon of Che d^rleflng fren lo eaaentlol for die progron. This neano that nuch attention boo to 
be given to thlo oopecc. Clooe cooperation between RHLAF peroonnel at the olr base and VIA peraenol lo 
very Inpertant. 

In figure 6 the data flow In the lood nonitoring progron lo given. Ao can be aeon, the reoulte ore 
atond In cha >-lt fattau. data haan. 

Oadlcatnd anfcwara prograna hava baan vritcan to analyaa tha data atorad in tha data baaa. Salactiona 
of groupa of fllghca can ba aaaily nada. Pot ana^la: par aquadron, tallno. tiaa intarval^ niaaion 
tppa and conblnatlona of thaaa Itaaa. For aach aalaetton a tabla la nada aa glvan In tabla 3. In tha 
naat ehaptar anra will ba told about tha quantltiaa HCSI an SCSI aa uaad In tabla 3. 

gaeh half paar, a raviav of tha raeatdad data la praaantad In a atandaxdltad 'halt paazly aurvay 
rapott*. For thla raport aalaetlana ara nada for *all SILAF* and par aquadron. In aach eaaa for thraa 
eiim intarrala, atmlr: laat half paar, laac yaar and laat idiraa paara. 

For tho aoBt aaloetiona an oanrrlow par nlaalon tppa and aircraft tppa la given of tbo diatrlbutlon of 
configuration claaaoa. 

Haro, aaaathlng haa to bo told about tbo ‘configuration claaa*. 

Tha F-14 la floan In a wlda varlatp of atoro/fual confIguratlona. In fact a fav bundrad dlffaront 
conflguratlona hava baan aaparlancad aofar. In order to praaont the configuration uaago a aot of ton 
dlffaront ‘configuration claoaoa‘ hava baan defined on tho baala of a calculatod vlng root banding 
nenant par g at taka off. 

In cha calculation tha Influence oo cha vlng root banding nenant of tha additional naaaoa of tbo 
atoraa and of tha Incroaaa of tha lift force an tha vlng aa a raault of tho tneraaao of the taka off 
Wight ara cahan Into account. 

In addition Co the ‘half paarlp aurvop roporta‘ to tha UldF^ tho F-IS fatigue data baaa la uaad for 
aora datallad analpala In ad hoe projacta. 


i._catwnavwn o. ~rf|ar TT *•”— 

A fav poara ago RIB davalepad tha ao-eallad ‘Crack Savorlep Inda«‘, CSl, eoocapt for quantification of 
tha dannga of raeardad acraaa apaetra la tamo of crack gr ovth pota n t l a l , rafaraoea A. 

In aarliar aonitoriag prograna (F-lOk e, HF-3 Jk/t) tha ‘aavarltp‘ of raeardad lead apaetra uaad to ba 
quaaclflad In tana af a ‘Load Savarltp Iadaa‘, LSI, vhleh vaa caleulatad an tha baala of a Minor tppa 
fatigua Ufa ealculatloo. It vaa fait that far Um F>1<. aa aircraft idiich la daalgaad according to 
tha ‘Banngo TolaraDea‘ eaneapt, a aora nodara aathad had to ba uaad ba aed an crack grevth po tan tla l . 
Tha CSI eoneapt vaa davalepad ualng raeardad load . aq u a nc a a of cha F-U load nenltarlng progran. It la 
lagattant to raallaa chat tha ealcvlafad CSl vnlua la a vaiativa d wa g a flgnca far a apaeltie loeatlan 
and loading apa ctw . 

In cha davalapnaac at tha CSI aattad vaa vaa nada af tha laeaat eaneapta vldt ragard to creek gravdi 
pradiatlan, laelvdlag eraak clvavrv aot aaaaalatad axaek graadi ratardatlan. Aa laportant quantity la 
d» ntatw eraak t— lag acroaa. In tha CSl aaaaapt thla apa nln g laual la a funetlan of tha nart— 
and atntHun a tiv aaa a that an raaahad on tho awraga anaa la ddrty fllgbta. 

FR valtdnclao af tha CSl tana apt faclgaa caata aa atagla atda eraakad hala tp a nlnn a kava baaa 
earrtad aat, nfaranaa S and nfaranaa t. la tabla A and flgaraa 7 and • tha lead a i qaaneta ant 
raaulta an gtvaa. Ota ‘baala* aaqaann la a baeah aC tOO fU^n r aaa r tat at aaa air ban. Bnlwd 
tran tha ‘basic aaqaanas an tha varUtlaaa uan* (fUghta appear in ardar af lacr aa alag BCBI par 
night), BlIA (daanaaiag BCII), *anlsslaa* (epalaa balsa atraaa a pa nln g laaal dnlnnd), *Tnnaatnd* 
(tmantlan at IJ paaka dbava IM BFa n IM Ria). *LbV (ni#wa vldi BCSI > 1.73 dalaCad), ‘H^* 
(men vtth KSl < l.M daUtad). 

la tha ■hasla* aaqaanas the nUalan nintan fnn I na u n r iaa AFR, flana la IMS, haa baaa aaad. Tha 
aiiafU W baala (tS) la aana with racardtaga aad Msalan aUtan tna a a a a aad F-U air ban, aaavly 
halhal AM, la oMa A tha quHatltlaa flCRl and RGtl an anad far pn a tacl aa af tha anak gn n t h 
patantUl mt a M aatn n. Aa said b at o n , an te aads U tha CRl e a l aa l a rta a ot an v vaira gi a tn vi 
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opralng Ifliral lAldti d«p«nds on tho •po<tna ahnpo undar consldaration. Of coutm, tho batch of fll^ta 
for nhleh tho cvorago atrooo oponlng lovol lo colculacod hoc to bo aufficiontly largo. It vaa docldod 
that at loaat a batch of 100 fll^ta ia naodod for calculation of tho avorago atroaa opening lovol. 
Thla roault la called tbm SCSI value (for *apoetna* CSI). For calculation of the CSX value for a 
aaaller batch of fll|^ca or for Individual fll^ta the average atreaa opening level of a refereiiee 
bateh of 488 F-16 fll^ta, recorded in 198S at two air baaea, la uaed. Thla glvea the IKTSI value (for 
*Timfnal* CSI). In figure 9 a eoopariaon la nade between the reaulta of the fatigue teata and the CSI 
ealculatlen reatilta for SCSI and tiCSI. Froa ^la figure It la concluded that the CSI concept la a 
reaaonably rell^le tool for quantification of relative aeverltiea for thla type of manoeuvre 
doalnated apectra. Aa nay be expected the reaulta for the SCSI calculation are allghtly leaa accurate 
than the reaulta for the SCSI calculation. 

Intereating to obaerve la chat the Influence of extrema sequencing of fllghta in the bateh of 
200 fllghta la rather limited. 

Omlsalon of load cyelea below the atreaa opening level baa no reault on Che fatigue test reaulta. aa 
waa expected. 


In this chapter only a few examples are given of tha reaulta with can be made available from the F-IS 
faclaue deta base. 

In Che half yearly report to the RHUkF more or leas the raw data are presented. The moat Important 
question la: la there a significant change lo the CSI valxie per squadron aa a result of chafes In 
usage and/or loading environment? 

If ao, the half yearly report offers the possibility to a certain extent to find out what the reasons 
are. More detailed analyaia can be dona by MUL using tite complete data base. 

In figure 10 soma typical examples of different mission types are given. Of course there la a large 
scatter In Che mission content of flights having the same mlsalon type. In figure 11 the resulting 
*average* apectra for two mission types are given. It ia Interesting to see chat there Is distinct 
difference between the seam mission type flown at the two air bases. Differences In take off store 
configurations, figure 12. and In gaogr^ic location of the air basis explain these results. 

In combination with a different mission mixture at those air bases, tha total load spectrum Is also 
different and consequently the overall CSI>value. Figure 8 shows a severity ratio of 1.32 per fll^t 
between the crack growth potential at Leeuwarden air base and the one at Volkel air base. By tiie way, 
the FSHF for tha BMLAF talMs these differences Into account. 

For a load monitoring program It ia essential Chat new trends In the usage and loading environment are 
found. In recent years attention has been given to the flying by the RNIAF in Goose Bay (Canada) and 
to Air Display flying, figure 13. If aircraft fly those mission types for longer periods of time 
exclusively, a correction to the Inspection scheme may be necessary. 

In figure 14 variation over the years of the severity per mission type la given for 323 squadron at 
Leeuwarden air base. Also a comparison with the 311 sqn at Vollul air base is made. 

In Cable S the overall result In SCSI value for 323 squadron la shown. 

A substantial Increase of the SCSI value has been experienced ever Che years. It may be noticed that 
Che way of operation in 1985 has been taken as the reference basis for Che FSNF of the smAF. 


Sofar a description of the standard load monitoring program, in idilch only one channel is recorded, 
has been given. However, moot aircraft are eqolpp^ with a 4 channol version of tite Speetrapot 
Instrumentation. Thla opens Interesting possibilities to carry out adhoc measurements with other 
parsmatars. lo tfiis way vertical acceleration, a stralngage In tbm aft fusela^ and the engine BFH 
have been or are being recorded In addition to the stralngage at the m location. 

The large advantagi la that the data handlicig La already taken care off in a standardixed procedure. 
Coupling with other data in the F«16 fatl ft»« Is relatively simple. In figure 15 for a large 

number of flights of all mission types the relation between strain at tbm m location and tiim 
vertical acceleration is given. This figure lllwtrates tho fact that for this type of hl^ly 
MDOowrAle aircraft measuring of strain in stead of vertical acceleration is a good choice if a 
location can be fouaid wliare the strain history la copraaantativa for tha loading of tbm moat critical 
parta of tho airftama. Thla la ttia case for tho F-18 aircraft. 

In anothar maaauring program a atraingaga hridga in the'aft fiiialaga at buUdwad FS 479.55 waa 
r aco rdad. Furpoaa of this Investigation maa to ebsefc bow well Uio reaulta for tha NR loeatimi could 
b# uoad for pradlctlon of the dMSgo at am oth a r structural location. In the individual aircraft 
tracking (XAT) pr o gr a m it is sss«aod that the HR data can ba uoad aa an Indication for tho overall 
load axparianca of the aircraft. 

In tha pragrsm it was foumd that this is amly true If tha mlsalon mixture does not rhango 
signifiasaktly. In flfura 18 it la abewn ^t tbm laada at NR loeatiom and aft fuaalags location are a 
funstion of tha maago at alsrvntor and roMar ami also dspanisnt of alrapaad. In othsr oo t d a ^s ia 
aiaslan dapandant. In fifura 17 the ratioo of 9CfX vmluoa are given for tho most oovoro WLtf mlaaion 
typoo for NR loaatton amd aft Aiaolaga. FOr amaipla the iCSX vmlme for tho ACT aiaaion typa ia larg*^ 
than the ana far *all* fllghta for tha NR lacatlsn. Nswovor. for tho aft htaolagi tha dsmage la far 
mora. In thia eaaa tha SC8X fw the NR ImoatUm imidaraatiNataa tho dMOgo for thm other location, far 
^ miaatan typa IMWB thla la tha othar aay itaamd. 
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Zi_««nimT« 

In this th« loAdBonitorlns of F-I6 Aircraft of eho RMIAF ualng a aiaple electronic device has 

been described. The SMIAF contracted the National Aerospace Laboratory Nlit in the Netherlands for 
definition and laplaaentation of the Instrusentatlon. 

The data collecting on a routine basis Is carried out by Nl£ and two tiaes per year a survey data 
report Is sent to the BHIAF. 

Essential for this pregran li that only a saaple of the aircraft Is equipped with the Instrunentatlon. 
On the other hand auch additional Infonsatloa Is collected froa the debriefing foms. 

As a result, an adequate and flexible load aonltorlng systes for the F-16 aircraft of the RNLAF is now 
In full operation as a replacenent of older FLR and MSR equl^ent. 
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TABLE 1 

Dttbrl«flng fon 




















TABLE 2 

Overvi«w alsalon types 
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MISSION CODE 


MISSION TYPE DESCRIPTION 


AIR/GROUND 


RANGE 


WEAPONS DELIVERY FOR TRAINING, UTILIZING TRAINING 
ORDNANCE (BOMBS, ROCKETS, GUNS), INCLUDING 
EVASIVE ACTIONS {AIR/AIR AND AIR/GROUND). 

PLEASE INDICATE UNDER REMARKS IF LIFE BOMBS WERE 
USED. 


AGNAV LOW LEVEL NAVIGATION TRAINING, INCLUDING ONE OR 
MORE SIMULATED GROUND ATTACKS, EVASIVE ACTIONS 
(AIR/AIR AND AIR/GROUND). 


AIR/AIR 


ACT 

PI 

CAP 

DART 


AIR COMBAT MANOEUVRING, SELF DEFENSE, DOGFIGHT. 

INTERCEPTS FOLLOWED BY AIR COMBAT MANOEUVRING. 

COMBAT AIR PATROL, 

AIR TO AIR FIRING ON A DART TARGET. 


GENERAL 


GF 


GENERAL FLYING (AIRCRAFT FAMILIARISATION IN 
SAFE HANDLING AND OPERATION). THIS CODE ALSO 
INCLUDES CONVERSION, TRANSITION, FCF AND ECF, 


IF INSTRUMENT FLYING IN REAL OR SIMULATED IFR 

CONDITIONS. THIS CODE ALSO INCLUDES LONG RANGE 
FERRY- AND NIGHT FLIGHTS. 


RECCE VISUAL/PHOTO RECONNAISSANCE 
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TABLE 3 

R«vlaw of recorded loed dece 


Example table ’’Review of Recorded Load Data” 


missiao-/ 

aircraft- 

«yp« 

nr. of 
flights 

ave. flight 
duraflon 
(hr) 

TO WEIGHT 

ave. atdev. 

Ob) job) 

LOAD EX 

NCSI 

per fligblj stjlev. 

PERIENCE 

SCSI 

per flight st.dev. 

crack 
op. level 
(MPa) 

range 

act 




n 

1 

1 

1 

1 

1 

1 

r 

1 

] 

1 

1 

1 

1 

1 


all 







F-16A 

F-WB 



Table repeated: 

- per squadron and all RNLAF 

- last half 3 'ear 

BL-10 

BL-15 



- last 3 years 



cr. 0 . 1 . = calculated crack openins level 
NCSI = calculated witb a fixed cr.o.1 
SCSI = cr^J. calcuta^ for batch 


TABLE 4 

Velideclon of CSI concept 


loading sequence 
(block of 200 

200 flights) 

type of 
crack 

average flight 
duration (hr) 

average nusber 
of flights 

In test 

relative 
severity 
in test 

NCSI 

per 

flight 

SCSI 

per 

flight 

BASIC (LU 85) 

through 

thickness 

1.08 

6407 

1.00* 

1.00* 

1.00* 

LOHI 


1.08 

6486 

0.99 

1.00 

1.00 

HILO 


1.06 

7048 

0.91 

1.00 

1.00 

OMISSION 


1.06 

6383 

1.00 

1.00 

1.00 

TRUNCATED 


1.08 

5161 

1.24 

0.99 

1.08 

LOW 


1.08 

10434 

0.61 

0.50 

0.55 

HIGH 


1.02 

3522 

1.82 

1.90 

1.77 

LW BASIC (85) 

corner 

1.08 

9713 

1.00* 

1.00* 

1.00* 

VK BASIC (85) 

■ 

1.12 

12834 

0.76 

0.57 

0.74 


* relative severity vlth respect to "bsslc* 


TABLE 5 

Exsaple of SCSI change In tiae 
323 sqn. Ltf AFB 



SCSI 

night 

crack 


per 


duration 

openlna 


flight 

hour 


level 




(hr) 

(Ufa) 

1985 

1.25 

1.12 

1.12 

41.36 

1989 

1.61 

1.66 

0.97 

43.29 


• 19BS ia basis for FSMP UfLAF 

• SCSI aay be used for adaption of inspection 
intarrals 
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• STMAIMME 


RELATIVE 

SEVERITY 



Fig. 5 


Strain distribution at 


the USB location on FS 325.8 bulkhead 
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AnCRAFT TRAClCnn FOR 8TRDCTQRAL FATIOOR 


R. Maunabar 

Industrlaanlagsn Betrlabsgesellschaft 
ElnstalnstraSe, 8012 Ottobruim 
Q»rmeaiy 


Bvmmmiy 1. Zntrodaotlon 


Aircraft tracking Is carried out 
for flight safety reasons, but with 
an Increasing tendency also for 
economic reasons. With the latter 
aspect the cost-to-performance ra¬ 
tio becomes more and more lifiortant. 
To tedce care of both, for the WS 
Tornado the parametric data acquisi¬ 
tion of the crash recorder was 
extended to a multi-level tracking 
concept composed of the sectors 

- Temporary Aircraft Tracking 

- Selected Aircraft Tracking 

- Individual Aircraft Tracking 

The key elements of flight monito¬ 
ring are the flight recorders that 
are distributed throughout all squa¬ 
drons on a statistically representa¬ 
tive basis and that register opera¬ 
ting data for Selected Aircraft 
Tracking. In the Temporary Aircraft 
Tracking sector, Che recorder 
parameter set also contains strain 
gauges In the various fatigue criti¬ 
cal areas. Cyclical reading of these 
strain gauges ensures that any 
faults are revealed In the pturmae- 
trlc algorithms. 

Individual Aircraft Tracking Is car¬ 
ried out on the basis of a reduced 
pilot parameter seC.Ihe data trans¬ 
fer from Che aircraft to the evalua¬ 
tion centre for this task was 
converted from manual reglstraclm 
Co electronic data processing, 
increasing the data processing capa¬ 
city and at the same time signifi¬ 
cantly Improving data quality. 

List of Abbreviations 

A/c Aircraft 

FCA Fatigue Critical Area 

FPS Full FaxasMter Set 

lAT Individual Aircraft Tracking 
OtJHOB Onboard Life Monitoring 

Systsn 

FPS Pilot ParMster set 

RPS Recorder parsamcer Sec 

SAT Selected Aircraft Tracking 

TAT Temporary Aircraft Tracking 
WS weapon ^stsm 


Development specifications for mili¬ 
tary A/C generally require a fatigue 
test of the entire airframe, or at 
least Its principal components, as 
proof of structural Integrity. Alt¬ 
hough test speeds allow the simula¬ 
tion of a large number of dally 
flights, several years are necessary 
for Che completion of Che fatigue 
test, allowing for interruptions for 
repair, modification and Inspection. 
Thus, for reasons of time emd money 
series production of A/C begins be¬ 
fore all results of the fatigue 
tests on the VMlous FCAs eure known 
emd the necessary modifications 
made. Individual batches therefore 
still have structural FCAs, albeit 
with decreasing frequency, whose 
Inherent fatigue life In all 
probability will not last throughout 
the planned operational usage. 

Hence necessity to retrofit and re¬ 
pair structural componenCs Is 
unquestionable. The question Is, 
vdtich A/C requires which repair, and 
when. Ihere are several reasons as¬ 
king this question, for example: 

- restrictions on operational usage 
for unmodified structures 

and 

- cost-effective modification 

In order to answer these questions 
satisfactorily, it Is necesseury to 
know the fatigue life ratio of the 
operational stress spetrum on FCAs 
to the stress spectrum In the fati¬ 
gue test, i.e. how many operation 
flight hwrs are equivalent to a 
simulated flight hMr In the test. 
Depending on the structural point In 
question, such spectra comparismis 
range from 

- either higher or lower 
operational stress spectrum 
cospared to the test 

to 


the stress spectrum simulated In 
the test not being representative 
In detail for operational usage. 





i.v: 



Thus, It Is both usaful and essen¬ 
tial for the A/C user to have an 
Instrument, which answers the c<xa- 
plex questions mentioned above and 
enables necessary activities to be 
planned. This task Is dealt with by 
the 'Aircraft Tracking for Structu¬ 
ral Fatigue' (Fig. 1). 

The following explanations will pro¬ 
vide more details about the scope of 
this task, taking as em example the 
procedure utilized for the WS TOR¬ 
NADO. 


a. Cmoept for AlroraCt Traoklag 

Fatigue Life Monitoring is not used 
exclusively for events related to 
flight safety, but Is used 
Increasingly as a cost-effective 
means of material conservation, the 
value of this monitoring system thus 
varies by the ratio of its perfor¬ 
mance, Including such aspects as 

- number and Importance of FCAs 

- precision of damage calculation 
per PCA 

- scope of application for all FCAs 
of the A/C structure 

to Its costa, which Include 

- Investflimt costs for data 
acquisition and processing 
systams 


- running costs for data evaluation 
and report preparation 

T^Uclng the point of view that a num¬ 
ber of FCAs must be monitored rather 
than the entire A/C, the question of 
optimisation of the procedure must 
be related to the individual FCAs 
themselves. The complexity of pre¬ 
sent-day weapon systems demands a 
wide-range tracking concept, which 
can also react as flexibly as possi¬ 
ble to the problems of material 
preservation. 


2.1 Traoklng Blsnsmts (Fig. 2) 

The tracking concur of the WS TOR¬ 
NADO is divided Into the three sec¬ 
tors : 

- Individual Aircraft Tracking 

- Selected Aircraft Tracking 

- Tsoporeury Aircraft Tracking 
Monitoring is based essentially on 
flight parasMters, which are avai¬ 
lable on the existing data acquisi¬ 
tion unit of the crash recorder. 
Those peurameters relevant to struc¬ 
tural monitoring are collected in 
the RP5 and registered by a flight 
recorder. The FFS is an «ctanslon of 
the RPS and is generated through 
differentiations and conversions of 
several parameters. It contains all 
essential influencing variables for 
mechanical strain (e.g. 
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accalaratlons, walght ...). To ra- 
duca tha axpansa of data acquisition 
for aach individual A/C, an additio¬ 
nal savaraly raducad PPS was defi- 
nad, containing only the essential 
parasiatera for stress on the most 
vital FCAs. This lAT parameter set 
Is registered by means of a coun¬ 
ter. (Klg. 3). 

Tha flight recorders eure distributed 
on a statistically representative 
basis throughout the individual 
squadrons and register the flight' 
parameter spectrum of selected air¬ 
craft . The key monitoring elements 
are, however, the strain gauges in 
the various FCAs. Due to overall 



TCNVMDO; OatAc^yMtonOonospi 



sampling rate restrictions only one 
FCA can be monitored in addition to 
the flight parameters for aach air¬ 
craft. The strain gauges are evalua¬ 
ted by regression techniques to pro¬ 
duce a realistic correlation between 
operational strain on the structure 
^md the flight parameters that cause 
it. As the straln/paramatar correla¬ 
tion is only partially deterministic 
because of the limited parameter 
sets, it is cyclically repeated 
within the TAT segment for the same 
FCA on several A/C. Hence, mismat¬ 
ches in the parasieter algorithms, 
due to alterations in the A/C confi¬ 
gurations and in the (^rational 
missions are covered simultaneously. 










Fig4: TORNADO,TamporaryAkcraltTracMnaCrA'T) 


3.3 Taoq^razy Aircraft Tracking 
(klg. 4) 

TAT draws on strain gauges, which 
are recorded together with the RPS 
in order to achieve simultaneous 
acquisition. The RPS is then 
extended to the PPS (Para. 2.1). 

Task 1: 

>Strain Based Damage Calculation< 
Direct conversion of the measured 
strain history into a frequency of 
occurrence matrix and calculation of 
the accumulated damage.The validity 
is restricted to the A/C observed 
throughout the measuring period. 

Task 2; 

>FPS/Stress Correlatlon< 

Correlation of the FPS with the 
stress at FCAs obtained from local 
strain measurement. 'Rie regression 
extends to a representative number 
of flights (>100) for a specific 
A/C configuration and is repeated 
cyclically. 

Task 3; 

>PPS/Stress correlatlon< 

Correlation of the Pilot Parameters 
utilized for lAT with stress at 
FCAs, calculated from the oieasured 
local strain. The regression 
extends, as In Task 2, over a 
representative sample. 

An exasple of Task 1 of current 
Interest is the acquisition of data 
on (operational strain on the 
componwits of the aircraft, which so 
far have shown no defects in the 
fatigue teat. In (»>ntrast to the 


areas monitored, in this case it 
remains uncertain, after completion 
of the fatigue test, whether the 
loads simulated in the test are 
actually representative of 
operational loads. The analysis is 
based on the fatigue life of the 
complete sut)assanbly and not that of 
a single, local FCA. 


3.3 Salaoted Aircraft Tracking 
(Fig. 5) 

Derivation of the FPS takes place 
anal(}g to TAT, although, unlike TAT, 
the recordings do not contain strain 
gauge parameters. The generation of 
the appropriate stress patterns for 
all FCAs is carried out via the 
FPS/Stress Regression Table (Task 2 
in TAT). 

Task 4; 

>Fllght Hour-Related D£aaage. 
Conversion of the strain history 
calculated into a frequency of 
occurrence matrix and based on the 
calculation of accumulated damage. 
The fixation of the safe damage rate 
per flight hour Is calculated on a 
statistical basis for each squadron. 

- Task 5: 

>Usage Spectra Survey< 

The frequency of occurrence matrices 
obtained analog to Task 4 for 
selected paraawters and stresses ere 
stored as a basis for the evaluation 
of further correlated cosponents and 
structural areas. 






Figs: TORNADO, On l o e to dAlreraifnackIng (SAT) 


-Task 6: 

>Damage Con^iarlson oC Parameter 
Set8< 

The first step simulates lAT, where 
a stress spectirum Is generated with 
the PPS/Stress Regression Tedile. In 
the second step for the same data 
sequence a stress frequency of 
occurrence matrix Is generated with 
the FPS/Stress Regression Table. In 
the third step the resulting damages 
are compared at Individual stress 
levels. Out of that procedure the 
modified S/N data set Is generated 
In order to make the FPS knowledge 
available for the Individual 
aircraft. 

Task 4 corresponds to the classic 
form of SAT, l.e. If the A/C cannot 


be Individually monitored with 
reference to a specific PCA. This 
necessarily occurs when the lAT 
pilot parameters are blind to the 
stress veurlatlon of the FCA. In this 
case the scatter of damage Is lower, 
vdien related to the total flight 
hours coatpartad to the d^mlage 
calculated with the pilot 
parameters. 


2.4 ZBdlvldual Aircraft Tracking 
(Fig. 6> 

From the conceptual point of view, 
the lAT permits optimum utilization 
of the Inherent structural life.This 
naturally presupposes that 



ni»ac TOIVMDOb MMdMlAtantTlfMMia (MT) 
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Flg7: TORNADO, Local Strain Concept 


appropriate sensors (pilot 
parameters) exist in the individual 
A/C for the acquisition of stress 
data.The pilot parameter signals 
acquired by lAT eure con3rartad via 
the appropriate stress regression 
table (Task 3 in TAT) into FCA 
stress spectra and transformed into 
the individual damage index via the 
modified S/N data set (Task 6 in 
SAT). The accumulated damage (0) is 
the sum of the individual damage 
indices (dl). 


3. Data AoqnieltloD Concept 
3.1 Transducer 

The wide reuige of problons of 
material preservation in a modem 
weapon syst«n requires transducers 
for the precise acquisition of 
stress progression at any structural 
point. In general, the two types of 
transducers. Strain Gauge and Plight 
Parameter, have been proved to be 
applicable. 

In the WS Toranoo, both types of 
transducer are installed side by 
side. 

a) Strain gauges 

Within a cost-effective overall 
concept the strain gauges are 
essentially only used for, 
regression to the flight 
parameters. 

b) Flight parameter 
Corresponding to the monitoring 
conc^^ the two data sets 

- RPS for SAT 
and 

- PPS for lAT 


are defined for the acquisition 
of flight pareuneters. 

3.1.1 Strain Gauge for TAT 

The process of application of strain 
gauges can be divided Into the 
following two groups: 

a) calibrated Loads 

Ihls evaluation method requires a 
series of calibration tests to 
produce the coefficients for the 
determination of the loads from 
strain gauge outputs. 

Because of the extent of the 
calibration, this procedure is 
only used with TORNADO in 
isolated cases, e.g. load 
measurenumts In control rods. 

b) Local Strain 
Effective use of these 
transducers require prior in- 
depth lonoiwledge of the strain 
distribution euround the aircraft 
fatigue critical locations. This 
is necessary to define a suitable 
measuriment location from which 
the strain cm bo scaled to 
represent the stress at the 
fatigue critical location. 

Monitoring of the TORNADO'S FCAs is 
based essentially on the local 
strain concept as key element. For 
this a suitable local strain 
measureewnt location was qualified 
for ePery FCA within the Major 
Aircraft Fatigue Test (HAFT). This 
swans, the algorithm between stress 
in FCAs and local strain at the 
awasvirenent location has been 
derived (Pig. 7). 
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This algorithm enablas as directly 
as possible a conparison of critical 
area stresses between the 
test article and the service 
aircraft. The local strain 
measurement location was selected 
with particular attention to Its 
accessibility on the aircraft In 
operation. 


In accordance with conceptual 
requirements, only selected A/C are 
equipped with strain gauges, in 
order to correlate the local strain 
with the flight parameters.Based on 
that, a strain gauged aircraft is 
dedicated to a specific FCA and due 
to the syimnetrlc design of the 
aircraft the left and right hand FCA 
is equiraed with a strain gauge.This 
synaetrlcal strain recording enables 
a scatter evaluation and on-line 
data checks.For the strain gauge 
data acqusitimi 2 strain channels 
etre Incorporated in the KPS. This 
allows for simultaneous recording of 
strain and parMster (Fig. 8). 

a) Primary strain gauge 

nils signal is evaluated for the 
parameter/stress regression. It 
is saapled at a rate of 16 per 
secMid. 

b) Secondary strain gauge 

This signal is used for scatter 
and drift analyses and asmpled at 
a rate of 4 per secmd. 


For high frquency analyses in Task 1 
an additional measurement computer 
may be fitted, which allows for 
sempiing rates up to 500 samples 
per second on both channels. 

3.1.2 Beoosder Parsmeter Set 

The flight recorders are distributed 
according to statistical 
considerations throughout the entire 
fleet and therefore permit a 
representative overview of the A/Cs' 
operational usage. In calculating 
critical area stresses based on the 
recorder peurameters particulu care 
must be taken thati 

a) all parameters, trtilch influence 
the stress of the FCA in question 
are included in the parameter 
set, and 

b) an adequate sampling rate bas 
been provided 

c) a suitable concept for 
conversion of parameter signals 
to stress histories exists. 

The latter dssiand is fulfilled 
within the FPS/Stress correlation 
(Task 2 in TAT), which 
simultaneously indicates, trtiether 
any ilitfbt paramsters essential in 
the calculation of stress are 
lacking. iOtould this be the case, 
«ily a strain-based dsmsgs 
calculation (Task 1 in TAT) is 
possible. 

Sines for cost reasons, not every 
aircraft will be equ^eed with a 
Plight hscorder, iMtvidual aircraft 



FigS: TORNADO,PMPMdMtarSatforMT 


monitoring takes place on the basis 
of a limited PPS. 

3.1.3 Pilot ParaBster Set for lAT 
(Plfl. 9) 

Because of the position on the 
center fuselage and inner wing of 
Che main FCAs in Che TORNADO (Ref. 
1), Nz*W was defined as the pilot 
parameter for Individual A/C. 

From Che flight parameters 

- Stores Configuration and 

- Fuel Remaining 

the A/C Weight (W) is continuously 
calculated and multiplied by the 

- Normal Acceleration (Nz) 

to give a continuous Nz*H history. 
The range-filtered history Is than 
counted for the nunber of level 
crossings of pre-defined Ns*W 
levels. 

The counting procedure Is that of 
PeeUc and Trough with the additional 
feature that at the point of level 
crossing, the flight parameter 
values 

- Stores Configuration 

- Wing Sweep Angle €a)d 

- Fl<q>/Slac Position 

«u:e also acquired. The reading is 
Chen stored according to the 
constellation of these parameters. 

The correlation of the pilot 
parameters with the FCA stress takes 
place within the PPS/stress 
correlaciM (Task 3 in TMT). if an 
inadequate correlation is present, 
the critical area is not monitored 
within lAT. In that ease flight 


hour-related monitoring takes place 
(Task 4 In SAT). 

3.2 Raoozdez and Data Transfer 
(Pig. 10) 

3.2.1 Flight Recorder for SAT end 
TAT 

In SAT and TAT data registration a 
digital recorder with magnetic teq>e 
cassette Is used. The parameter and 
strain gauge signals are recorded 
continuously, and only periods 
without any significant cheuige In 
signal are condensed by reference to 
parameters. Thus, for following 
evaluations the complete signal 
content is available. 

one cassette has adequate ceq>aclty 
for data from 15 to 20 flight hours. 
The recorded cassettes are sent 
directly by the squadron to the 
structural life evaluation centre. 


3.2.2 Cemater for XAT 

'Rie onboard data processing for lAT 
takes place within the Data 
Acquisition Unit (DAU). The Nz*W 
spectra collected In the DAU are 
transferred each working day to the 
OIMDS Ground station (OGS) by loeans 
of a Hand Held Terminal (HHT) and 
stored temporarily related to 
individual aircraft. 

At predetermined intervals, the data 
are transferred to the central 
computer establietmiiint via direct 
data link. Thera ttw data are 


f 
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assembled on the main frame computer 
Md sent every month on magnetic 
t« 4 >e to the structural life 
evaluation centre. 

Because of the extensive data 
acquisition Involved In lAT, the 
procedure described above was 
(Vtlmlsed for efficient data 
transfer. Moreover, high- quality 
data are obtained by means of the 
transfer's full adaption to 
electronic data processing, l.e. 
errors caused by manual Interference 
are eliminated. 


4. CoMloslona 


For future aircraft tracking the 

TORNADO experlene has shown that 

a) a sempllng rate of 16 per second 
Is a minimum requirement for 
<^eratlonal strain measurements 
at the center fuselage and the 
Inner wing 

b) a sufficient measurestent at the 
outer wing, fin, talleron, 
control surface, or landing gear 
requires a higher sampling rate 
depending on the location 

c) peurametrlc equations for the 
Individual monitoring (lAT) of 
structural areas listed under b) 
may be difficult to define 

d) the data acquisition for lAT c^ul 
be further optimized by on-board 
data processing. 


For the WS tornado, the multi-level 
process of aircraft tracking, 
consisting of the elaoients 

- Temporary Aircraft Tracking 

- Selected Aircraft Tracking 

- Individual Aircraft Tracking 
has proved its worth as a cost- 
effective method. Errors are 
revealed by weans of cyclical 
repetition of correlations between 
strain and parameters In the routine 
operation. 

Within the lAT system, the 
electronic data processing 
compatible data transfer from A/c to 
the structural life evaluation 
centre has also adilevsd good 
results. Apart from the capacity of 
processing a much larger quantity of 
data, major progress In data quality 
against that of manual data 
proesssing was adileved. 
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SUMMARY 

Any appropriate structural 
maintenance plan* based on a Safe-Life or 
a Damage Tolerance concept« is in close 
relation with the accuracy of in-service 
loads identification. 

The development of multichannel 
devices with integrated capabilities for 
in-flight pre-processing allows to get 
in-service data and flight results about 
any critical part of the equipped 
aircraftf but with sometimes such an 
amount of computations that the "should-be 
simple" in flight processing has to be 
transferred toward a ground facility. 

In order to reduce the volume of 
data for calculations (and their cost of 
acquisition), we studied the relative 
influence of the various flight parameters 
considered during the static and fatigue 
design of an aircraft. 

The calculated stresses and loads 
have been compared to their very same 
counterparts measured in flight. Their 
effects on fatigue values have been 
quantified. This study has been performed 
for the MIRAGE 2000 aircraft tracking and 
in service loads identification. 


1 - THE AIMS 

The purpose of the study is to 
define a principle for the measurement of 
loadings acting on primary structural 
elements using a limited number of flight 
parameters ; from this it will be possible 
to : 

- detect possible overstress incidents, 
with a view to carrying out post-flight 
checks, 

- replan maintenance programmes to improve 
flight safety and ensure the longest 
possible structural life, 

- build up statistics of actual 
operational profiles to confirm or 
up-date the database used for 
calculation. 

Research into in-flight loads must 
therefore s 

- reveal any local or general overshooting 
of theoretical limits ; great accuracy 
is not needed, but results must be 
reliable, 

- record any subsequent load peaks (Fmin, 
Fmax) with the greatest accuracy 
achievable within reason, to enable a 
damage computation (crack initiation and 
propagation). 

In-flight pre-processing of this 
data requires : 

- continuous recording of flight 
parameters and derivatives for study and 
possible analysis before the next 
flight, 

- storage of general statistical data 
(Markov Matrices, fatigue spectra) for 
regular recovery of information. 


OBJECTIVES FOR IN-SERVICE USE 
TABLE 1 



Post-flight 
data reading 

Periodical 

checks 

landiate checks 
followinf overstresa 


Maintenance 

schedule 


Op-data of 
bases for 
caloalation 
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MODELLING OF STRUCTURAL RESPONSE 

2.1 - The structural response 
computation model 

For each manoeuvre, identified 
from aircraft control surface 
deflections and attitudes, flight 
mechanics equations can be used to 
balance aerodynamic effects against 
inertia forces. 

Using a finite element modelling 
technique, local structural stress 
response is deduced for unitary 
aerodynamic and mass effects leading 
to the development of a response grid 
'^F/Sq for different Mach and altitude 
flight conditions and aircraft 
configurations (see Fig. 1). 

The theoretical local response 
FCt) in a given manoeuvre is obtained, 
with interpolation within the unitary 
grid, by linear combination using the 
parameters characterising the 
manoeuvre. 

In-flight calculation of discrete 
results, for the updating of 
theoretical calculated aerodynamic 
effects, is achieved using linear 
regression techniques during 
manoeuvres specific to the area being 
studied. 

The degree of correlation obtained 
in each area tested is confirmed by 
comparison with measurements taken in 
flight (see figure 2). 

2,2- Flight Control System 
Capabilities 

The Mirage 2000 has electrically 
signalled controls whose transfer 
functions : 


The Electric Flight Control System 
functions have been specified to ensure 
that calculated structural limits are 
not exceeded (*), without any 
degradation of performance of handling 
qualities, by the definition of, in 
particular, maximum control surface 
deflections at all points of the 
envelope (see fig. 3). 

(*) the system is designed for frequent 
excursions to the normal 'g' limit 
(9g), but the pilot can exceed this 
(to 10.5g) by applying extra force 
to the control stick up over the 
control elastic limit stop. 

2.3 - Structure sizing 

The presented model permits 
calculation of structural response : 

- for static strength, using unusual 
'step' type manoeuvres as required by 
design standards (see fig. 4) or 
higher loadings where demanded in the 
contract (in sideslip for example), 

- for fatigue resistance, starting from 
planned operational use conditions : 
standard manoeuvres are repeated in 
different flight configurations. 

The dominant criterium (static or 
fatigue) varies between different 
parts of the structure. This is 
illustrated in Pig, 5a for the main 
sizing elements. 

Comparative results are shown 
hereunder in Table 2 for the main 
structural components in terms of 
structural margins. 


pilot inputs ♦ » control deflections 

ensure full control to the aircraft 
throughout the flight envelope. 


TABLE 2 



STATIC 

FATIGUE 

1 Stress/Load 

Input 

Margin 

(1) 

Margin 

(2) 

1 Wing root 

1 - Main attachment 

1 - Fear attachment 

pull-up * roll 
reversed pull-up 

10 X 

30 X 

(••) 0 X 

100 X 

1 i span 

1 > Undersurface skin 

pull-up * roll 

30 1 

10 t 

1 Fin root 

1 - Main attachment 

1 - Rear fuselage 

reversed roll manoeuvre 
sideslip/lateral gust 

50 t 

30 1 

100 X 
100 t 


Margins are established using cos^arison between : 

(1) Bising stress and maxisiusi stress expected in flight <x l.S at extreme load) 

(2) Sising stress allowed per g and in flight calculated stress per g 

(*”} Critical sone which can be inspected and repaired. 
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3 - ANALYSIS OF WANOEUVRES 

All flight manoeuvres are 
considered to result from pitch, roll 
and yaw inputs, and their respective 
trim forces. 

3.1 - The aircraft in balance 

The principles used are described 
belcm : 

- in pitch i normal acceleration m 
results from t%»o effects : 

- stabilized pull-up <n^ ) : this 
normal acceleration corresponds to 
the trimmed lift effect resulting 
from aircraft incidence (at a 
given Nach/altitude and 
loading/aerodynamic configuration) 

- dynamic pull-up (n^) : this normal 
acceleration results from the 
instantaneous deflection of the 
elevons, balanced by inertia 
forces, mainly q (pitch 
acceleration). 

- in roll : asymmetric deflection of 
the elevens produces a rolling moment 
which is balanced ; 

- at roll initiation (p - 0), by 
inertia forces proportional to p 
(roll acceleration), 

- at a stable roll rate « 0) by 
aerodynamic forces proportional to 
p (roll rate). 

- in yaw : lateral acceleration (ny) 
results from sideslip effect balanced 
by a rudder deflection. Yaw 
equilibrium is achieved through the 
balance of two effects : 

sideslip 

rudder deflection 
balanced by inertia ny, p.f 

Note : Asymmetric eleven deflection 
also produces aerodynamic 
effects on the fin whose 
intensity is significantly 
depending with aircraft 
incidence. These effects are 
campensated by a rudder 
deflection (Electric Flight 
Control System function). 


3.2 - Linked effects 

The use of this type of basic 
balanced manoeuvre has the advantage of 
integrating coupling effects (such as 
roll induced yaw) and the non- 
linearities of certain values (such as 
the shift of the wing centre of lift 
with incidence). 

These basic inputs are defined by 
calculation of inertial and aerodynamic 
forces equilibrium coefficients. If one 
of them is known, the others can be 
deduced proportionately. 


pitch 



Mach/Zp 

roll 



stores configuration 

yaw 



fuel configuration 





When applied to the structural 
model, the stress responses to each 
basic balanced input take account of 
the associated flight parameters 
described in the Table 3. 

Notations : see at the bottom of 
figure 1. 


table 3 


Basic I'^put 

Aerodynamic effect 
(at given Hach/Sp) 

Countered by : 

- Inertia 

- Aerodynamics 

Pull-up nz 
. stabilized 
pull-up 
(n^ ) 



(incidence) 

/■ (pitch) 

. dynamic pull-up 

im » Sm ~ im 


(n, ) 

•m 

Roll 

2 1 

. roll initiation 

^1 (elevons) 

4 (p - 0) 

rudder deflection) 

. stabilized roll 

/i 

p (p* . 0) 

( 4 n ru<Mer deflection) 

ns 



, aiflaalip 

B 

/n . 0 1 ny 

. raMa, daflaetion 

/n 

8 « 0 
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3.3 - Structural Loads and Stresses 

The study is carried out using 
stresses generated by loadings 
representative of the behaviour of 
major structural zones* with inputs in 
pitch* roll and/or yaw. These stresses* 
limited in number* (see fig. 5b) enable 
the analysis of : 

- the vital wing/fuselage and 
fin/fuselage attachments* 

- structural zones identified as 
”ctit'cal“ using strength margin 
criteria. 

The Table 4 reveals the influence 
of different starting conditions 
( a/* ^m, ^1* 0* 4n) and inputs on 

structural stress levels. The effect of 
an angle change 0.1* is estimated at 
determinant envelope analysis points as 
percentage of corresponding limit 
stress (see fig. 6). 

FLIGHT PARAMETERS FOR COMPUTATION 

4.1 - Basic Parameters 

These are those from which can be 
derived, at any given moment t 

• the flight point (Mach number* 
altitude) 

- aircraft mass (forces and moments of 
inertia)« 

They are obtained from s 

■> static pressure 
> dynamic pressure 

- fuel used and external stores. 


4.2 - Principles adopted for the 

selection of manoeuvre parameters 

Theoretical calculations give a 
grid of structural responses to unit 
pitch, roll and yaw inputs as a 
function of flight conditions and 
aircraft mass and CG. 

Coefficients for inputs involved 
in the manoeuvre are defined starting 
with a root parameter (see Table 3) for 
each unit input and followed by 
interpolation using the structural 
response grid. 

The choice of these main basic 
parameters depends on the ease of 
measurement : conditions imposed 
(usually through cost considerations) 
are as follows : 

' no sensors dedicated to load 
measurement (is no additional 
incidence probe* yaw vane or roll 
rate gyro)* 

- no access to the information on the 
data bus (fl)ost data is obtained by 
derivation from the input to the 
crash recorder). 

The choice of root parameter for 
the definition of the manoeuvre balance 
will depend on the relative accuracy 
(and cost) of recording the various 
parameters and will be either 
aerodynamic (control position...) or 
inertial (normal acceleration...) as 
shown in Table 4. 

Validation of the results 
obtained* to meet the aims set out in 
paragraph 1* is carried out by 
correlation against values obtained 
from theoretical calculations or from 
measurement. 


TABLE 4 


Structural response to a 0.1** angle change 


% of Limit Load 


WING 

(M = 0.9/Z » 

0) 

FIN 

(M « 0.9/30000 ft) 

1 Pitch 

Roll 

Yaw/Roll 



^m 

ii 

B 

in 

Ning Root 






• Bending moment 

1.5 » 

0.2 % 

Oel % 

- 

- 

. Rear attachment load 


1.4 % 

0.1 % 



H Span (Stresses) 






LPl X direction 

- 

0.7 « 




y direction 

1.6 % 

- 

- 

- 

- 

LP2 X direction 

_ 


1.0 % 



y direction 

1.8 % 

1.3 % 

1.0 1 



Pin bending 



0.4 % 

0.5 % 

0.2 % 

Manoeuvre balance 







nz 

q 

P 

ny 

ny 

Prinary effect 

(0.15 9) 

(0.2 rad/e' ) 

(0.3 rad/e* ) 



Secondary effect 

iin 

n jn 

p * 0 

f 

i 



(• 0.01) 
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4.3 - Parameters selected and 
correlations 

Parameters selected, taking into 
account the notes above, are presented 
in Table S. They involve some 
approximations whose influence on the 
results is quantified using ratio "C", 
here called the correlation ratio : 

“C" • results obtained/results 
expected. 

4.3.1 - “Static* results 
(Detection of limits being exceeded) 

The study is carried out starting 
with the theoretical structural 
response to critical inputs for 
static strength sizing. 

The correlation ratio is : 

C - computed load / forecast 

theoretical load 


Stabilized pull-up 

- Wing root 
bending moment 
I span (LPl) : 

y direction 


CORRELATION 


1.0 <C< 1.05| 
0.9 <C< 1.1 I 


lOynamic pull-up 


Comparative results for the wing 
root, in proportion to the magnitude 
of the selected parameters, are 
presented in the diagram at Figure 6. 

This diagram shows the main 
representative pareuneters concerning 
the studied areas through the loading 
response magnitude due to each type of 
manoeuvre. 

4.3.2 - Fatigue results 

(Damage assessment) 

The study is run using results from 
a series of about 50 flights with 
recording of all relevant parameters 
(see Table 3) and direct measurement 
of local stress levels, representative 
of structural loadings. 

The correlation ratio is estimated 
in terms of calculated damage, using 
the Miner* s law ; 

A) starting with the local stress 
measured in flight 

B) starting with the theoretical 
calculated stress 

C) starting from the pareuneter 
selection (see Table 5) 

Results obtained at design critical 
points (for the wing these are the 
root bending moment and skin stress at 
half span) are as follows : 


PARAMETERS 


CALCULATION 


IPU 11-up * roll 


wing 

- Z C31 attachment 

- ^ span (LP2) : 

X direction 


lYaw ♦ Roll 


iFin root (*•■) 


1.0 <C< 1.1 I 

1.0 <c< 1.25I 


■ 0.75 <C< 1.25| 


I Stress measured 
in flight 


Nach/Zp 
Mass values 
* external 
loads 


(**) When the transfer functions provided 
by the Electrically Flight Control 
System are taken into account, 
simulations of reversed pull-up 
manoeuvres show that the reverse 
control deflections are significantly 
less than was initially assumed when 
sizing. The limit case becomes normal 
'g' (with roll). 

(**) As mentioned in para 3.2, effects on 
fin and rudder as significantly 
influenced by incidence. The 25 X 
correlation error results from a 
simplifying linearisation of these 
effects at average values. As the 
loads obtained in flight do not 
exceed 50 X of the calculated limit 
figures, the effects were not 
examined in great detail in flight. 


( Incidence 
Pitch angle em 
Roll angle «1 


I Roll rate 
q, B, /n, ny 


I Wing root (Mx) I 0.92 
I span ( O'y) I 


DAMAGE CORRELATION 
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5 - CONCLUSIONS - DATA COLLECTION IN 
PLIGHT 

Follow-up of structural damage on 
Mirage 2000 aircraft is carried out 
starting with the matching of loads 
recorded in flight to critical 
structural components. 

Setting-up difficulties for data 
collection and flight parameter 
processing necessitated an in-depth 
preliminary study with the aim of 
reducing the number of useable 
parameters without losing sight of 
the aims of the exercise (detection 
of incidents where calculated stress 
limits were exceeded, assessment of 
local damage for the maintenance 
programme). 

The techniques adopted, and their 
main results correlated in flight, 
have shown that these aims have been 
satisfactorily achieved, when taking 
in account the structural siring 
margins, using the following five 
analogue and one digital parameters : 

Mach 

Altitude 

5 Normal acceleracion ♦ 1 fuel 

Pitch attitude consumption 

Roll attitude 


Recording of roll rate (p) is 
essential for the specific study of any 
structural rone where this parameter 
defines the siring (roll rate is usually 
less constricting than roll acceleration). 


Finally, it must be emphasised that 
any study of the fin needs two further 
parameters : 

Lateral acceleration 

Rudder deflection 

If no historic flight test results of 
non-linear effects on the fin are 
available, particular those, caused by 
aircraft incidence the study can be 
carried out with strain gauges. 


While the importance of the 
structural siring of the aircraft must be 
noted when parameter selection criteria 
are being considered, these principles 
have been applied, in their entirety, to 
another delta-winged aircraft without 
revealing any reason to question the 
validity of the fundamental results of 
this study. 
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Manoeuvre parameters Qi(t) 


Structural Stress Analysis d F/ 3Qi 


Flight conditions 

Mach number / Altitude 
a/c weight / store 


Pilot inputs 

. longit stick position 
. lateral stick position 
. rudder pedal 


Finite Element model inputs 
( DQi= 1 ) 


symmetric 


asymmetric 



(**) L o a di n g p e r o ntolsri 

FSgM cs s dt i is i CMdml Si llml i M A HU s to taflcs Aafriw rM«s ActdersUsM 

( M ) Mach miflitier (S m) Elevgm ( syro) (•<) Angle of attack (q)pitchrBte (4 ) pHdi aceel. 

(Zp) Altitude ( S I) EIrran (asym) (P) roll rate (fr) roll aoeel. 

(m#)OtoBweight (Sit) Rudder (A)jideilip (r)yaw rale (t)yaw aocel. 

^ (Rz) tenieal aoeel. 

(Oy) lateral aoeel. 


Figure 1 














































P 'IC DESIGN CONDITIONS 



LIMIT LOAD CONDITIONS 


NORMALIZED ELEVONS DEFLECTION 




NORMALIZED SIDESLIP ANGLE 


NORMALIZED RUDDER DEFLECTION 












YAW MANOEUVRE 


FIN LOAD ANALYSIS 


Normalized 
rudder deflection ^ 


Fin areas 
structural limits 


MANOEUVRE DEFLECTIONS 
(Mach 0,9/Z = 0) 



*■ 

Normalized 
sideslip angle 



ROLL MANOEUVRE 


FIN LOAD ANALYSIS 


Normalized 



Rear view Rear view 


Manoeuvre normalized parameter 
(Mach 0,9/Z = 25000 ft) 


Normalized 

parameter 



- Roll deflection 


• lift 


Equivalent fin load due to roll effect 


figure 4 











































14-12 


STATIC and FATIGUE ANALYSIS RESULTS 

(in service Aircraft monitoring study) 



Structural response for 0.1” deflection maneuver. 



PercentagM of HmN food v* tocaUon 
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0. SUMMARY 

The preservation of the danage tolerance 
qualities ensures the safe operation of 
aircraft lifelong. For this purpose and the 
assessaent of fatigue life consuaption dif> 
ferent methods have been developed to non!- 
tor the service experiences. Nowadays aain- 
ly two kinds of aonitoring systems which 
are different in the philosophy exists. 

First, the parametric system which records 
and processes only aircraft mission parame¬ 
ters and second, the direct load/and or 
stress measurement system using strain gau¬ 
ges. The main advantages and disadvantages 
of both systems are discussed. A third pos¬ 
sibility to monitor the service experiences 
of aircraft is to combine the advantages of 
both systeas: this Leads to the idea of 
OLMS. 

In this contribution the advanced operatio¬ 
nal loads monitoring system OLMS, for a 
transport aircraft, is presented. Detailed 
descriptions are given concerning philoso¬ 
phy and realisation. 

OLMS represents the o .-board equipment for 
the prospected Airframe Condition Monitor¬ 
ing Procedure (ACNP) which takes care of 
damage tolerance qualities and which will 
increase the efficiency of structural in¬ 
spections. The OLMS as presented in this 
contribution is adaptable to all transport 
and combat aircraft with EFCS. 

The verification has been performed on the 
test aircraft by aeans of strain gauge mea¬ 
surements. In this contribution a detailed 
description is given. Results of the OLMS- 
computer simulation program as well as re¬ 
sults of the flight test verification are 
presented. 


1. INTRODUCTION 

Nowadays there exist mainly two kinds of 
systems to aonitor the service experiences 
of aircraft for the preservation of the 
damage tolerance qualities and for the 
assessment of fatigue life consusiptions. 

First the parametric systeas which 
only records aircraft mission parameters 
and second the direct load and/or stress 
measurement systeas using strain gauges. 

The advantage of parametric systems is that 
aircraft mission parameters mostly are 
available from mvlonic and control systems 
and therefore no additional transducers are 
necessary. 

The disadvantage is that the derivation of 
operational loads from aircraft mission 
data after its processing is difficult or 
impossible when the parameters sre avail¬ 
able only in form of cumulative frequency 
distributions and not in form of load time 
histories. 


The advantage of direct load and/or stress 
measurement systems is that the load spec¬ 
tra on all components are available and 
the service experiences of the aircraft 
are implied direct. The disadvantages are 
the limited endurance of the strain gauges 
and the enormous effort in installation, 
calibration and maintenance during the 
aircraft service lifelong. A third possi¬ 
bility to monitor the service experiences 
is to combine the advantages of both sy¬ 
stems: this leads to the idea of OLMS 

ri.2,1. 


New civil transport aircraft see Fig. 1 
equipped with Electronic flight Control 
Systems (EFCSi allow access to the comple¬ 
te digital information about all its ope¬ 
rating conditions. Since load relevant 
parameters like accelerations, control 
deflections etc. can be received from so¬ 
phisticated avionic and control systems it 
is logical to use this information as in¬ 
put data for load calculations by means of 
appropriate mathematical models for an 
operational loads monitoring system. OLMS 
is such an advanced loads monitoring sy¬ 
stem and is under development for A320. It 
will become the basis for an Airframe Con¬ 
dition Monitoring Procedure (ACMP). with 
the main aim to perform structural inspec¬ 
tions on condition, see Fig. 2. 



FIQ. 1 TEST AIRCRAFT 



i 
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An essential of everv •onitoring device to 
record the in-service experiences are the 
input data. From the airlines point of view 
it is not acceptable to have additional 
sensors and wiring because of extra weight 
and aaintenance. These penalties can only 
be avoided when taking data already avail¬ 
able fron sophisticated avionic and control 
svstems. 


2. OBJECTIVES OF LOAD MONITORING SVSTEMS 

The realisation of OLMS Including ACMP will 
lead to the following advantages: 

- An increased efficiency of structural 
inspections because the inspection 
thiesholds and intervals can be related 
to the actual loads experienced in ser¬ 
vice. 

- ACMP will settle the problem of ageing 
aircraft operated beyond the designed 
life time. 

- All investigations required by the air¬ 
worthiness authorities can be performed 
more efficiently with increased reliabi¬ 
lity and more economically 

- ACMP will contribute important benefits 
to maintain the damage tolerance quali¬ 
ties during the whole service life time 
of the aircraft. 

3. ARCHITECTURE AND WORKING PRINCIPLE 
3.I Description 

Loads on different components and sections 
of the A/C see Fig. 3 will be calculated 
using load relevant parameters and approp¬ 
riate mathematical models. An important 
item is that for those sections also cali¬ 
brated strain gauge installations for load 
measurements were available. Consequently 
it was possible to compare calculated and 
measured loads. In addition mission para¬ 
meters will be recorded for the description 
of the mission profiles flown. Fig. 4 shows 
the loadst parameters and control deflec¬ 
tions to be calculated and recorded. 



F1G.3 MAIM OOt gO W P C B t0» WnmAmOMKE 
mhwmmim m umd calculatiowb 


i 

1 att«Kt»*M* CM.aVM,*. 1 I 

1 1 a.» */ t 

1 * 1 



. i - 

1 I 1 

1 1 

1 1 0t. «•/«■ 

. i ...; 

at., m,. a^ i i 1 1 

• 1 It* «/ ■ 

1 1 aMlM***! 

.:.1.¥Sb:.L.; 

t 1 

1 1 

.~. : 

1 « I « t » 

1 1 *Mt#a*M 


t « 1 M **!•■ 

>• ! sr- ' ■' i 

t 4 1 *MM **** 


awMi *»r«a a* 1 a - * 1 1 1 

1 » 1 MM 4 

■ataal tata* fa h t ' » t 1 1 

1 • 1 apMi*. 

.I........ 1 ; : ; 

,.., 

•'5srr;. .J.. _ _; 

1 *» 1 * 4 M*M*M m 

a..Tri— T ' 1 .: 

* **! -. 


Vii'I 4 iUi«M*nMUa> 

rn .I ■' -a ;t'{ .i. 1 

i! 

|| 

a. 1 4 - a 1 t 1 


fa.,,. 1 4 1 1 , aalaa fa* ni.M 1 

1 »• 1 MM.*!** 

1 *'* > 1 II aatOT* wr n>|at 1 

1 a< 1 </• Mtiti** 

■ **< 1 a><4 1 1 a valaaa fat fli^t I 

1 1 

( *'<• 1 a >ataa« pat tItiM 1 

1 at 1 4^4 

a 1 a.'a 1 i l .ala« »at rit^i i 

( a* 1 attits* 

■ <4 I 14 aalaa far tll^l 1 

t aa 1 t<i4M awMtM 

• i It .alaa fat ti|0„ ! 

1 a4 • M ar rittat* 

fiiaat a* 1 1 . MiM par nt^al 

nc. 4 OLMS CALCULATED LOADS * 

3.2 Functions 

Four major functions are intesrated In the 
OLMS: 


o Data acquisition 

The handling of the parameters necessary 
for the load calculation 'nd the determi¬ 
nation of mission profile data will be 
carried out in this function. The parame¬ 
ters are available on the Data Acquisition 
Module via ARINC 429 system bus with ap¬ 
propriate update rates, see Fig. 5. These 
data will be transmitted to the OLMS Data 
Processing Unit to perform load calcula¬ 
tions and collection of mission profile 
data. 



nc. 5 SOURCfS OF THE LOAD KELEVANT PARAMERXS 

o Data processing 

In this function loads will be calculated, 
mission profile data determined and col¬ 
lected, As an appropriate update rate for 
the load calculation 50 spa has been cho¬ 
sen. Equations of motion have been estab¬ 
lished containing load relevant parameters 
connected with aerodynamic coefficients* 
dynamic pressure etc.» see the example for 
the calculation of the wing shear force on 
Fig. 6. 

The aerodynamic coefficients depending on 
each number IMp) and dynamic pressure (i 
taken firat from wind tunnel tests have 
been verified by results of FTI-measure- 
ments. The coefficients are stored in its 
own M|/P^-grid. Between the grid points a 
linear interpolation will be performed. 

* A im of sjfisMi ^vpstn on pi 5.14. 
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MASSES INFLUENCES 

WSMi --(WMi + FUELiXVKTO G + 

YWFP • ROA + XWQPl ■ FTCA) 

AERODYN. B4FLUENCES 

WSAi . S-M (B(C8 + C9 AOA) + 

(C2 + C3 A0A4^R0LR-^ (C30)) * 
A11JI(C32) + RHSI>L3«:34) + RHSPLS(C36)1 

WS| - WSMi +WSA| + ’ntANSFERFUNCTION 


FIG. 6 UMO EQUATKM FOR WING SHEAR RW 10/11 

o Data reduction 

The calculated load tiae histories of a 
total of 43 different quantities will be 
analysed in this function by means of the 
two-parametric statistical counting method 
“Range Pair Range" (31. The principle of 
this counting method is shown on Fig. 7. 

o Special functions 

Since there are no specific parameters 
which indicate the "Health of the Struc¬ 
ture" directly the following measures were 
chosen as an indicator for inspections on 
event: 


- Overweight landing 

- Hard landing 

- limit lead exceedance 


It is intended for the serial solution of 
OLMS to incorporate on request the possibi¬ 
lity to trigger special reports after event 
or landing. 


et 



to icv«i 
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The data acquisitionf data processing as 
well as the data reduction will be per¬ 
formed on-line and in real time during 
flight. The working principle is shown on 
Fig. 8« the flow chart of the OLHS proces¬ 
sing is represented on Fig. 9. 


LOAD 

RELEVANT 

PARAMEmS 


AERODYNAMIC 

cocmciEhns 


MASSES 

(SniUCTUBS.FUEL. 
LEVERARMS) AND 
PAYLOAD 


c 






ON BOARD 
ONLINE 
IN REALTIME 


FIG. 8 OLMS WORKINQ PWNCtPLf 


3.3 Hard- and software developments 

Due to the fact that for the verification 
of OLMS during flight tests no extreme 
weight restriction was required a real 
time Micro Vax computer Including an ARINC 
429 Interface Unit has been chosen as 
hardware tool. 

The software development was harmonized to 
this special computer. All OLMS functions 
have been programmed in F77 and later 
translated into PASCAL (necessary for ELN 
operating system). By means of the whole 
software tool complete recalculations of 
loads have been performed in the LAB. 

3.4 OLMS - prototype 

For development and verification purposes 
a special prototype has been designed and 
installed in the test aircraft No. 1, see 
Fig. 10. It includes a real tine Micro Vax 
equipped with an ELN operating system 
which is combined with an interface unit 
for data acquisition. The data acquisition 
unit receives* identifies and accomodates 
the data from the different A/C systems 
for further processing in the Micro Vax 
computer. Details of the prototype con¬ 
tains Fig. 11. The prototype is the basic 
tool for the flight test verfication of 
OLMS. To allow a flight phase related load 
calculation and storage the information 
from the Flight Warning Computer (FWC) has 
been used* see Fig. 12. 
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4. VERIFICATION 

The principle procedure of the verification 
is shown on Fif. 13 (2*41. 

The following questions concerning the ve¬ 
rification of OLNS have been investigated: 

- Systea interference 

- Real tiae behaviour 

- Quality of recalculated loads 

- Quality of reduced data 

- Appropriate capacity of the aeaory 

4.1 Systea interference 

With the selected OLHS prototype the 
question concerning systea interference can 
not be answered totally. The investigation 
was reduced to check that no iapact is 
possible froa the OLHS unit to other A/C 
systeas and to aeet the requireaents for 
secondary systeas under developaent condi¬ 
tions. 



PIQ.13 VfMFICATION OF OFfRATIONAL 
LOAD MONTTOmifQ SYSTIM 


4.2 Real tine behsviour 

The iapleaentation of the OLNS hard- and 
software in the test aircraft revealed that 
the prototype was able to realise an update 
rate of SO aps for all OLNS functions (data 
acquisition* data processing, data reduc¬ 
tion) with the required nuaber of quanti¬ 
ties to be deteralned (loads and aisslon 
data). 

It is necessary to reaark that the first 
function: data acquisition has a constant 
coaputing tiae while the second step: data 
processing has a constant block tiae for 
any of the SO tiae steps. For the third 
step: data reduction the elapsed tiae va¬ 
ries depending on the flight stages and the 
dynaaic behaviour of the calculated load 
tiae histories. 

Altogether the conclusion can be drawn that 
the coi^nter power of a Micro Vax coabined 
with a real tiae operating systea (ILN) is 
sufficient for this task. 


4.3 Quality of recalculated loads 

The accuracy of the recalculated loads as 
required depends on the accuracy for 
fatigue assessaents. It is obvious* that 
a total agreeaent is not possible since 
there is no absolute quality to coapare. 
The desired quality to be achieved is 
given by the nuaber of classes counted in 
the data reduction. 

A total accuracy between 3 and 5X seeas to 
be sufficient. The SO classes chosen for 
the data reduction allow a ± IM discriai- 
natlon 12 % total) related to the total 
rukge (liait load or region of operation). 
Hence all further work concerning accuracy 
of the recalculation is valuated on this 
fact. 

The verification of the load recalculation 
includes the steps: 

- Coaparison of recalculated loads 
and aeasured quantities 

- Check of the aeasureaent quality 

- Adaptation and iaproveaent of the 
recalculation software 

The aain flight quantities such as alti¬ 
tude speed* aachnuaber* rates* accelera¬ 
tion were regarded as accurate and a coa- 
parison between received OLNS data and 
quantities of the data acquisition systea 
has been perforaed. Aneaoaetry data such 
as incidence and angle of sideslip have 
been checked and corrected during the 
flight test phase. The quality and re¬ 
peatability can be regarded as sufficient. 
An iaportant itea is the verification of 
the load calculation algorithaen itself. 
Thorough checks and coaparisons with aea¬ 
sured loads were necessary. 

The load aeasureaents in the test aircraft 
were realised by calibrated strain gauge 
installations as it is state of the art 
(51. During the flight test phase of the 
aircraft the principle errors of the aea- 
sureaent have been recognised as 

- Long tens drifts 

- Residual theraal drifts 

- Calibration effects 

- Offsets 

- Probleas of repeatability 

All those findings have been considered 
during the verification work. 

An other aajor itea to solve was the 
treataent and correction of the data in¬ 
corporated in the OLNS software. 

Theaa data were: 

- Oeoaetrical/configuratien data 

- Naas data 

- Thrust aodels 

- Ataosphgyic data 

- Aerodynaaic data 
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During th« verification phase the geo»etri*> 
cal and configuration data froa the test 
A/C have been used. Prior to in-service 
operation possible changes and aodifica- 
tions have to be considered. As an exaaple 
a aodification of the alat/flap angle can 
be cited (depending on engines). 

Concerning the mass data the coaponents 
leading to the OWE are incorporated in the 
OLMS software. In order to cope with the 
different aasa distributions the possible 
loadings of the A/C are Incorporated using 
the loading plan nuaber and fuel state da¬ 
ta, respectively. The discrete loads froa 
the landing gear (derived froa the weight 
and c/g position of the A/C) also are in¬ 
cluded. 

For the thrust aodel the data for the 
actual engine are considered. To cope with 
the different engine types the thrust ao- 
dels of all selected engines are included 
and will be activated by the A/C identifi¬ 
cation nuaber. 

Ataospheric data are calculated by the nora 
ataoaphere using the noraal teaperature 
distribution under ISO-conditions. 

The adaptation of the aerodynaaic data 
which are stored as grid points represen¬ 
ting different aach nuabers and dynaaic 
pressures is very coaplicated. These values 
have been taken froa the aerodynaaic data 
bank and are results of wind tunnel teats 
and calculations. It is well known that 
those nuabers do not represent the rea; 
data related to the full scale A/C in all 
cases due to different reasons: 

- Windtunnel errors 

- Model accuracy and aodel laws 

- Calculation probleas 

For the verification of the loads coapre- 
henslve investigations have been carried 
out during the developaent test phase of 
the A/C. 

The aethod applied for this task was a so- 
called output error procedure using aaxiaua 
likelihood algorithSMf>. with and without 
KaLaan-Filter technisue ( 6 }. 

For these investigations aaneuvers have 
been used to check the handling qualities, 
dynaaic load aaneuvers but also special 
stochastic inputs of the controls (aulti 
step) f 7 |. 

A aain problea to solve was created by the 
fuselage loads because the PTl-aeasureaent 
Loads were influenced by the cabin 
different1al pressure. 

The aajor itea which has been investigated 
was to ensure the full repeatability during 
all flights. Therefore soae aodificatlons 
have been iapleaented into the OLMS soft¬ 
ware. 


Another iaportant itea is the treataent of 
special load shares which cannot be calcu¬ 
lated directly using the data froa the 
different data buses. One of these is 
represented by the increaental loads due 
to the different structural aodea. In aany 
cases the load shares are below the 
threshold given by the counted classes but 
a very thorough investigation has been ap¬ 
plied in order to qualify these influen¬ 
ces. As an exaaple the load increaents due 
to the first wing bending aode during 
ground operation and during flight are not 
negligible. 

Due to the lack of input data, no discrete 
algoritha is available, a transfer func¬ 
tion has been used and the coefficients 
are adapted until the residual error is 
suppressed below the given threshold. 
During flight the results are satisfactory 
but for ground operation it is intended to 
incorporate the landing gear into the load 
Bonitorlng activities when in connection 
with the A320 Weight and Balance Systea 
(WBS) proper landing gear sensors will be 
available. 


4.4 Quality of reduced data 

The data reduction that aeans the statis¬ 
tical analysis of the calculated load tiae 
histories by aeans of the Range Pair Range 
counting aethod - was the last step of 
the verification. 

The quality has been cheeked by coapari- 
sons of counting results deterained froa 
OLMS calculation and flight load aeasure- 
aents. It is self evident that a good 
agreeaent in the load tiae histories also 
lead to a good agreeaent in the counting 
results. Incorporated in the check was 
also the correct function of the OLMS lo¬ 
gic, the autoaatic switch over to speci¬ 
fied aeaories when flight phases are 
changing. 


4.5 Appropriate capacity of data aeaory 

The decision which data should be stored 
in the OLMS aeaory has been aade on the 
basis of the later usage for fatigue as- 
sessaents. For this task a not so frequent 
retrieval of data seeas to be sensible in 
order to reduce the workload. 

On the other band a aore frequent readout 
will help to find and adjust trends of the 
A/C usage and can also indicate possible 
aalfunctions of the systea. As a good coa- 
proaise a regular data retrieval at a tiae 
of 2000 flights was chosen. For a short 
haule transport this aeans a tiae Interval 
between 6 and 12 aonths. 

On this basis the aeaory has been 
designed. As acntioned above the test OLMS 
is equipped with a disk and tape systea 
for data storage. The serial systea will 
have a fixed aeaory (EEPROM) for final 
data storage. Nevertheless all respective 
Investigations have been aade to optiaise 
a aeaory for the planned serial systea. 
Froa the different loadings including the 
countings in different flight phases, see 
Fig.12, a aeaory of about 60 K-words is 
nwcessary. 
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For the other iteas which have to be 
stored for every flight a aeaory of 32 K~ 
words is necessary. With a 4 byte word and 
a back up for aodifications, additions and 
possible delayed data retrieval a 0.5 
Mbyte meaory is fully sufficient. For the 
task of fatigue investigation there is no 
need to store additional data. 


4.6 Rosults 

In this chapter results of the OLMS-veri- 
fication will be presented. In total 
10 FTI-flights ( 15 PH ) have been 

investigated. 

An exaaple for the identification of 
•easured and recalculated horixontal and 
vertical tailplane loads shows Fig.14. For 
this verification an output error identi¬ 
fication procedure, the aaxieua likelihood 
method has been used. After identification 
the measured and recalculated tailplane 
loads are in a very good accordance. 


I 


wmi MM BMSpMMK 





1 (S ■ 4 a ■ r .e 





«M«4 0« «M’I N «MM M (MM M 4*M« «• MM4 44 44414 IS 44444 40 


I TCSEC 3 

L~ 12 ctc~J 

MTH P.T >MUM‘raD MM-MTA 










-i 








— 

-1 










—1— 


—j— 




44444 44 4&4tl 44 4M44 44 4S4II 44 4tt«* M 44444 44 44414 44 444W «» 


TfSECI 


FIG.1S COMPARISON OF MEASURED AND 
RECALCUUTED RN SHEAR LOADS 



Rai4 COMPARISON OP CALCULATED AND MEASURED 
LOADS BEFORE (LEFT) AND AFrER(RIQHT) 
MOENTIPICATION 


4.6.1 Maneuvers 

A comparison of FTI-measured and OLHS 
calculated fin shear loads during a multi- 
step maneuver represents Fig.15. The shear 
loads have been calculated first using co¬ 
efficients of the aero data bank and second 
FT validated data. The differences in the 
load time histories are very small. 
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Fig. 16 shows comparisons of OLMS 
calculated and FTI-measured loads during 
vertical and lateral maneuvers for load 
quantities of the wing and the horizontal 
as well as vertical tailplane. The 
accordance in the load time histories is of 
good quality. 

A comparison of OLMS-calculated and FTI- 
measured aileron hingemoments during a mul¬ 
tistep maneuver is represented on 
Fig.17. The calculated aileron hinge- 
momenta reflect the measurement with best 
accordance. 


FIQ.1g COMPARIEON OP OLMS-CALCULATED AIR) 
Pn-MEASURED LOADS DURINQ VERTICAL 
AND LATERAL MANEUVERS 


For not clean configuration some investi¬ 
gations have been performed to obtain the 
calculation in accordance with the 
measurement. Especially during flap/slat 
retraction to clean configuration and vice 
versa differences have occured on the 
shear and bending wing loads in the sec¬ 
tions rib 1/2 and rib 10/11. This diffe¬ 
rences were caused by unbalanced aero data 
fields. Hence the whole aerodynamic data 
field for not clean configuration has been 
harmonised and represented in dependence 
of the slat/flap angle* Examples of the 
final results shows Fig.18 for different 
take off configurations. 
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4.6.2 Whole flights 

In the following results of OLHS- 
recslculated loads conpared with FTI- 
aeasured loads of a whole flight will be 
presented for the main A/C coaponenta 
<wlng, rear fuselagei horlsontal*' and 
vertical tailplanel. The results are pre¬ 
sented in fora of load tiae histories as 
well as cuaulative frequency distributions 
on Fig.19 to Fig.31. 

Altogether the results indicate a good 
agreeaent between load calculation and 
aeasureaent. 

Hence the feasibilltT is deaonstrated for 
load calculations. 


RQJS FREOUENCVIMTRMUTIONSOFTtffiWmCMiOCyT 
KNDMQ DUMNQ A WHOLE FUQNT 
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nO.aO FREQUENCY OISTRtBUTIONS OF FIQ.32 FREQUENCY DISTRIBUTIONS OF 

THE VERTICAL TAUPLANE BENDING THE RUDDER HINQBIOMENT 

DURING A WHOLE FUQKT DURING A WHOLE FLIGHT 



5. SERIAL SOLUTION 

How the planned serial device of OLMS 
could be architectured is shown on Fig.33. 
Inportant iteas concerning the specifica¬ 
tion of the OLMS-LRU are: 

Snail dinensions 
I not nore than 3 HCU ) 

. Sinall weight 

f less than 4 kg ) 

Power consumption of 50 Watt 

. Total nenory of 0.5 Mbyte 

Data retrieval after 2000 
flights 

* Monitoring indication 

( for exanple load monitoring 
running and load monitoring 
disturbed by LED's ) 

It should be intended to 
incorporate the landing gear 
completely into the OLMS when in 
connection with the development 
of the A320 Weight and Balance 
System (WBS) proper landing gear 
sensors will be available. 
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OLMS lRu 
ameosofis 
weigh! 

Powe» 'OhSumD»or 


PoM«r Suopiy 
Ogta «qiii»i'«n Modul 


3MCU 
• 4.0kg 



FtQ.33 EXAMPLE FOR THE OLMS HARDWARE 
INTEGRATION (SERIAL DEVICE) 

6. IMPACT OF OLMS / ACMP ON THE A/C 
Inspection Programm 

Up to now inspection threshold and inter¬ 
vals have to be fixed by fatigue calcula¬ 
tions and test results under predicted 
loads for all aircraft of a fleet and inde¬ 
pendent of the actual load experiences du¬ 
ring service. These results represent the 
essential part in the Maintenance Review 
Board (MRB). Experiences by a fleet lead 
program possible allow revisions of the 
inspection schedule. 

The following part desribes how the inspec¬ 
tion procedure could be changed and 
improved by means of the ACMP, see Fig.2. 
The main aim of ACMP is to perform inspec¬ 
tion on condition. That means that the in¬ 
spection schedule will be influenced by the 
actual load experiences of individual air¬ 
craft. The loads data, prerequestion for 
this task will be provided by the OLMS- 
unit. 

During the ground based procedure CARE 
fatictue data necessary for the adjustment 
of the structural inspection program, will 
he established. This will be done by two 
different programs, ALHP and SIAP. 

In the first step the actual in service 
load spectra and mission data will be 
collected and analysed. The loads will be 
compared with the predicted loads and 
information about the confidence belt will 
be provided, the loads will finally be 
presented in a Loads- and Mission Report. 

In the second step investigations aimed on 
the revision of the inspection program 
(MRB-revision) will be carried out. 

Starting from the load- and mission 
leport, the initial data for the SIAP will 
bo prepared i.e. derivation of stress spec¬ 
tra for SSI’s, crack propagation calcula¬ 
tion, fatigue life estimation and consump¬ 
tion. Based on these results actions have 
to be initiated concerning inspection 
threshold and -interval. The results will 
he presented in a structural repercussion 
report for the different A/C components. 

The primary results will be summarized in a 
synoptical report for the airlines. 


7. CONCLUDING REMARKS 


In this contribution the development and 
realisation of the OLMS-prototype, the 
methods of the verification and validation 
have been described in form of a feasibi¬ 
lity investigation. The feasibility that 
loads can be calculated by means of mathe¬ 
matical models combined with load relevant 
parameters and aero data with a high mea¬ 
sure of accuracy compared to PTI-load mea¬ 
surement data has been demonstrated. 


In some cases the verification was very 
difficult since the FTI-measurement was 
affected by long term influences: 
for example: 


Temperature drifts (fuselage strain 
gauge bridges). 

Influence of cabin differential 
pressure (fuselage strain gauge 
bridges). 


Influence of different fuel tank 
pressure conditions (wing strain 
gauge bridges). 


. Strain gauges failed (vertical 
tailplane) 


In some cases it could be shown that the 
recalculation of loads leads to better 
results than the FTI-measurement 
(fuselage). 


For future flight test investigations and 
parameter identifications some experiences 
have been gathered. 


For example the need: 


I, To take complete flights into con¬ 
sideration (long term effects) 


2. To check the strain gauge installation 
in the wing area I influence by dif¬ 
ferent fuel tank pressure conditions) 


In relation to the progress of OLMS the 
following is worth to be proposed: 


The verification results as presented 
in this report shall be regarded as 
basic data for the development of the 
OLMS serial device. 


In the future the verification should 
be started together with the flight 
test investigation of the A/C 
concerned. This is very important 
because multiple work can be avoided 
and also different flight test and 
verification related tasks could be 
better timed and coordinated. 
Furthermore the disadvantages of 
strain gauge failures can be 
prevented. 

Creation of a so called MINI-OLMS 
tailored for better realisation possi¬ 
bilities. This implies good chances for 
extent application. For example selec¬ 
ted quantities to be monitored or a 
further choice of them: 
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f 8 I H *'J. Heyer, V. Ladda 

The Operational Load Monitoring 
Systen (OLMSI 

ICAF-Synposius, Jerusalem 1989 

191 H.-J. Meyer» V. Ladda 

Lebensdaueriiberwachung ait OLNS 
DGLR Jahrestagung, Hamburg 1989 


- Load factors n^, n^, n^ 

- Gust velocities 

3. Mission data and parameters 

-* Weight, altitude, speed, c/g 
position, payload, fuel, 
flight duration and number of 
f1ights. 

- Flap/slat extension vers.speed 

- Position of rudder, aileron, 
elevator and stabilizer. 

4. Special events 

' Hard landing detection (sinking 
speed) 

- Overweight landing detection 

- Limit load exeedances 


1. Loads 

- Wing root bending 

- Horizontal tailplane bending 

- Vertical tailplane bending 

- Rear fuselage bending 

- Rudder hinge moments 

2. Load parameters 
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AILR 
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AOA 
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ELEV 
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PTCA 
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ROLR 
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LIST OF SYMBOLS 
Aileron position 
Altitude 
Incidence 
Side slip an^le 
c/g Position 

Aerodynamic coefficients 

Elevator position 

Earth gravity 

Gross weight 

Lateral acceleration 

Bending moment 

Mach number 

Torsion moment 

Dynamic pressure 

Side load 

Pitch acceleration 

Radio altitude 

Right hand spoiler position 

Roll acceleration 

Roll rate 

Rudder position 

Shear force 

Wing area 

Stabilizer position 
True airspeed 
Vertical acceleration 
Related wing mass 

Wing shear force due to aerodynamic influences 
Wing shear force due to masses influences 
Leverarm due to pitch acceleration 
Yaw acceleration 

Leverarm due to roll acceleration 



LIFE MANAGEMENT APPROACH FOR DSAF AIRCRAFT 
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SUMMARY 


The USAF Aircraft Structural Integrity Prograa, that traces its origin to B-A? 
failures in 1958, was established based on Che recognition chat repeated loads were a 
threat to the safety of operational aircraft. Later, it was recognised that 
■anufacturing and in-service dawage also had Che potential to degrade their safety. 

This threat has been successfully controlled through the adoption of the dawage 
tolerance approach in 1975. This approach, also referred to as “retirenenC for cause," 
is used as a basis for an inspeetion/aodification program to naintain safety throughout 
the life of the aircraft. However, when the aircraft structure has degraded to the 
point that aultiple site damage has occurred, then Che inspection program Chat was 
developed for the priatine structure needs to be changed. It is the purpose of this 
paper to review the occurrences of multiple site damage on DSAF aircraft and how this 
has influenced their lives. This will be done through the experiences derived from the 
EC-135, C-5 and C-lAl aircraft. 

1. INTRODUCTION 


The Aircraft Structural Integrity Program (ASIP) was initiated in 1958 by the United 
States Air Force in response to fatigue failures on B-A7 aircraft which occurred at 
that time [1]. The original version of the ASIP was based on the fact that repeated 
loads were a threat to Che safety of aircraft. Prior to this time, aircraft were 
generally designed based on static strength considerations only, and Che factor of 
safety was supposed to account for deterioration from usage and quality problems in 
addition to loading uncertainties and material strength. The original ASIP used the 
"safe life" approach, which was a reliability based method, for design to preclude 
failure from repeated loadings. It became evident in the sixties that the original 
version of Che ASIP was inadequate since this approach did not preclude fatigue 
cracking problems and chat aircraft designed and qualified by this approach suffered 
premature failures in service aircraft. There were many aircraft in this category, but 
Che one that was used to highlight the shortcomings of Che safe life approach was the 
F-lll. One of these aircraft in December of 1969 suffered a catastrophic failure with 
only 100 flight hours after the fleet had been qualified for 4000 hours. The F-lll and 
other service aircraft failures resulted in costly redesign and modification programs. 
The failure of Che safe life approach was partially attributed to the fact that it did 
not adequately account for damage in the structure derived from Che manufacturing 
process or from in-service maintenance of the aircraft. This deficiency motivated the 
USAF to adopt Che damage tolerance approach. After this approach was applied to the 

design of the B-1 bomber and to the modification of Che C-5 and F-4 aircraft, it was 

formally established in MIL-STD-l530A dated December of 1975. Since that time, all of 
Che major weapons in the USAF have had their Force Structural Maintenance Plans (i.e., 

the how, when and where to inspect or modify the aircraft to maintain their safe and 

economical operation) updated by the damage tolerance approach. The applications of 
the damage tolerance approach are documented in Reference 2. 

When the USAF damage tolerance requirements were drafted in the early seventies and 
released in MIL-A-83A44, dated 2 July 1974, they included the application of damage 
tolerance to monolithic structures through the slow crack growth requirements. In 
addition, they addressed fail safe structure through the fail safe and crack arrest 
requirements. Through experience from observation of the results of teardown 
inspections of in-service aircraft, the drafters of MIL-A-83444 recognised the need to 
consider the preexisting flaws in secondary members after the failure of a primary 
member. Also, from examination of teardown inspections they saw the need to establish 
the site of these flaws baaed on whether or not there was a significant likelihood of 
damage in the secondary structure from a machining operation in the primary structure. 
When this likelihood was high the structure was called dependent. When this likelihood 
was low the structure was called independent. Therefore, the fail safe structure 
requirements in NIL-A-83444 recognised that there was a potential for the loss of fail 
safety due to multiple site damage and the application of these requirements in a new 
aircraft should mitigate this problem. The basic concepts for damage tolerance design 
that would alleviate the potential for multiple site damage are now incorporated in the 
guidance in AFG8-87221A which replaced NIL-A-83444. 

There are, however, many aircraft in the USAF inventory that were not originally 
designed to the USAF damage tolerance raquiremeats. These aircraft have been assessed 
against the slow crack provisions of the damage tolerance requirements and for each of 
them a "Force Structural Naintenanea Flan" has been developed that defines how, when 
and where inspections and modifications most be made to maintain flight safety. The 
slow crack growth approach for achieving damage tolerance is shown in Figure 1. The 
time from either the initial flaw or an NDI detectable flaw to critical crack sise is 
called the safety limit. Inapectiona are recommended at one-half of the safety limit. 

The fail safe approach for achieving damage tolerance ie shown in Figure 2. It is noted 
that the process of inspections for the broken member continues until the onset of 
multiple site damage. At this point the structure must be modified to eliminate this 
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cooditloa. Although no USAF aircraft has been qualified to the fail aafe guidance in 
AFGS-87221A, the DSAF wants to maintain the fail safety that was initially incorporated 
in the designs of large aircraft such as the KC~135, C-5 and C-141. To accomplish 
this, steps have had to be taken to recognise the potential for the degradation of fail 
safety because of the occurrence of multiple site damage. It is the purpose of this 
paper to review the structural programs on these aircraft to determine if they can be 
used to provide guidance on future activities to prevent in-'service failures. 

2. THE KC-135 AIRCRAFT 


The KC->135, a tanker aircraft that followed the KC->97, was designed to refuel the B-'S2 
fleet. The prototype designated as the 367~B0 was developed by the Boeing Company with 
their own funds and the USAF ordered limited production in 1954. The KC-13S was 
derived from the -80 design. The Boeing 707 and 720 were also derived from the -80 
design as shown in Figure 3. The first flight of a KC-13S occurred 31 August 1956. 
Five other configurations of this aircraft were delivered before production was 
terminated in 1965 after 820 aircraft had been manufactured. A total of 37 different 
designations of the -135 aircraft now exist. Based on the strength to weight ratios 
for various aluminum alloys, as shown in Figure 4, a decision was made to use 7178-T6 
on the lower wing skin. A fatal defect of this material is shown in Figure 5. This 
figure shows how poorly this alloy compares with 2024-T3 with respect to limit load 
critical crack length divided by weight. The decision by the DSAF to procure a large 
number of KC-135 aircraft was excellent. The decision to use 7178-T6 for the lower 
wing skins resulted in a very costly modification program to remove this material from 
this part of the aircraft. 

The RC-135 was designed with a flight hour goal of 10,000 hours. Later, in 1962, the 
USAF made a decision to perform a fatigue teat to better quantify the expected life. 
This teat was conducted to failure for fifty-five thousand test hours of a 5.1 hour 
canker mission. Based on this test, it waa believed that a service life of 13,000 
hours could be achieved if certain modifications were performed. These modifications 
conaiated of reworking approximately 2000 fastener holes. 

Contradictory to the 1962 fatigue test results, the ltC-135 aircraft experienced service 
problems early in its life. The 7178-T6 lower wing skins were designed with stresses 
approximately fifty percent higher than Che 707 aircraft which had the higher toughness 
2024-T3 alloy for the lower wing skins. The comparison of the one g stresses for Che 
KC-135 and the 707 are shown in Figure 6. Consequently, aircraft operating between 
1,800 and 5,000 flight hours had experienced fourteen cases of unstable cracking in Che 
lower wing skins. la all there have been approximately thirty cases on unstable 
cracking in the range of 1,800 to 17,000 flight hours. The longest of these cracks was 
approximately l.l meters. 

In addition to these problems, by 1968, it had become evident that a service life of 
13,000 hours would not be adequate for this aircraft. Therefore, in 1972, another 
fatigue test was performed to determine the actions required to extend the life beyond 
13,000 flight hours. This test was significantly more sophisticated than the earlier 
1962 test and was more representative of actual force usage. One of the main 
differences was in the application of high loads. The 1962 test included an 
application of ninety percent of limit load every 200 flights. The 1972 test included 
the application of sixty-two percent of limit load every 200 flights. Because of Che 
retardation effect of the ninety percent limit load application, Che 1972 test 
exhibited earlier and more widespread cracking chan exhibited by the 1962 test. In 
fact, 367 cracks were found in the 1962 test article and 1060 cracks were found in the 
1972 test article. However, as with the 1962 test, there was poor correlation in time 
when the cracks occurred on the fatigue test article and when they occurred in service. 
The 1972 test article failed catastrophically at 55,500 cyclic test hours. Based on 
Che result of the 1972 test, the USAF determined that the KC-135 wing lower surface 
would need to be replaced at 13,000 equivalent tanker hours. The results of this test 
also alerted them to the possibility that the fail safety of the wing structure could 
be degraded by the preaence of multiple aite damage. 

Since some aircraft wera near or already over the threshold of the 13,000 hour 
limitation, a decision was made to replace the lower wing anrface on these aircraft, 
further, since the only available design at that time was tha original 7i78-T6 wing, it 
was used for tha replaeamaot. This was done for twanty-nine wings. This replacemant 
wss questionable because it wss sccomplishcd with the same brittle material. However, 
it is likely that it did enhance the eefety of the alrcreft and also provided wings for 
tesrdown inspections. 

The teerdown inepections of six wings removed for s wing skin replecement served as the 
hssis for an assaaament of the influence of crack pairs in the etructure. A creek pair 
was defined as a primary and secondary crack located such that an unstable primary 
crack could cauaa the aacondary crack to go unatable and therefore precipitate 
catastrophic failure of the wing. In other words, the aaaeesment wae made for the 
purpose of determining the dagradation of the fail safety of the wing because of 
multiple site damage. Finite element analyaea of the wing have shown that 
approximately twenty fastener holes are subjected to significantly higher atressas in 
the event of failed akin elamant. If there waa a crack of one millimater in one of 
thaaa faatanar holaa than tha raaidual strength would havu been reduced to a level 
considerably below limit load. A risk analysts for tha wing was conduetad by t. 

Meadows from tha Oklahoma Air Logistics Cantsr loestsd at Tinksr Air Fores taaa. Tha 
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data base included 245 cracka, each of which were 1.27 ■illiaetera or longer in length. 
Aleo. 29 crack paira were found which for the purpoaea of thia atudy were defined aa 
1.27 nilliaetera in length for the priaary crack and 0.254 ■illieetera in length for 
the aecondary crack. Meadowa uaed the Boat critical crack pair froa each aircraft for 
hit evaluation. The reaulta of thia exaainatioo abowed that the nean time for a crack 
pair to develop wee 10»709 to 15,441 flight houra with ninety five percent confidence. 
Baaed on theae reaulta, Meadowa performed a riak aaaeaaaent and found that by the time 
the fleet of aircraft had reached a life of 13,000 flight houra, be expected, at beat, 
one lots and, at worat, fourteen loaaea. Thia ia ahown in Figure 7. He alao concluded 
that the degradation of fail aafety etarted at about 11,000 flight houra. 

Another teardown inapection of an aircraft with 11,55B flight houra indicated aultiple 
crack alignaent at the Wing Station 360 aplice. Baaed on thia reault, thia aplice, 
which ia a known area of high atreaa, would have failed cataatrophically with the 
application of aeventy percent of liait load. In Deceaber of 1976, a VC-13SB waa in 
the depot for reakinoing when it waa found that the rear apar chord in the center 
aection waa aevered and there were adjacent wing akin cracka. Thia aircraft had 12,400 
flight houra. Further teardown inapectiona of winga that had been in aervice 8,000 to 
10,000 houra revealed that there were aircraft in the fleet that were exhibiting aore 
multiple aite daaage than that found in the population examined by Meadowa. 

Conaequently, the recoaaendation waa aade that the reakinnlng ahould take place between 
8,000 and 9,000 flight houra and reatrictiona ahould be placed on aircraft that were 
operating above 6,500 flight houra. The reakio waa auccesafully perforaed without loaa 
of an aircraft. 

3. T H 8 C-5A AIRCRA FT 

The USAF signed a contract with Lockheed for the C-5A aircraft in Deceaber of 1965. 

The first delivery was aade in Deceaber of 1969 and the last of eighty one aircraft was 
delivered in May of 1973. The wing construction waa baaed on the C-141 design with 
multiple panels connected by apanwiae splices to achieve fail safety. However, the 0-5 
was not planned to be certified fail safe by the FAA aa waa done for the C-141. The 
panels were manufactured from 7075-T6S11 extrusions with integral stiffeners and beam 
caps. Design service life goals for the aircraft were 30,000 flight hours, 12,000 
landings and a total of 5950 pressure cycles. In mid 1966 an over specification 
weight waa identified by the USAF and as a reault a coaprehenaive weight reduction 
program waa undertaken. A significant portion of the weight reduction waa achieved by 
removal of wing structural weight. 

By the end of 1971, it was evident that the wing in the major fatigue test article 
(X998), was in a state of general cracking, and would not meet its objective of 120,000 
cyclic test hours to demonstrete s safe life for the eircreft of 30,000 flight hours. 
Cyclic testing of the wing was terainated after 24,000 siauleted flight hours because 
it was in a atate of general cracking. Fuselage testing on that apeciaen continued to 
45,000 houra and 1^,960 pressure cycles. In 1972, a daaage tolerance asaeaaaent of the 
wing structure was aade end froa theae reaulta e aafety liait of 8,000 Representative 
Mission Profile (IMP) wee eatebliahed on 15 January 1975. The safety liait, which ia 
defined ee the tiae in flight hours froa eo initial flew to critical, waa the life of 
the wing structure since the aaell critical crack else precluded an inapection to 
extend its life. Thia was e significant event in that deaege tolerance criteria was 
used to eateblieh the life of e noninapecteble structure. Prior to thia tiae the safe 
life approach had been uaed for thia purpose. 

In 1973, there wee e concern about the loea of Ceil aafety because of cracking in the 
wing. This concern was partially beeed on the obeervetion of the nature of the 
cracking in the full-acele fatigue teet article. It wee found that crecking that 
occurred in the epenwiae splices often developed ia e hole coaaon to e fastener. Thia 
observation was the aotivetioa for the **dependcnt deaege** requirement written in 
MlL-A'-83444. Another reason for the concern ie that nonlinear finite eleaent enalyaea 
perforaed for the ease of a broken panel showed that there were aany featener boles in 
the adjacent panel eubjected to e atreaa that approached ultiaete for the material. 
Approxiaetely fifty to sixty featener holes vara in this catagory. Conaaquaotly, a 
aaell crack of the order of one ailliaeter in one of theae boles could ceuae 
cateatrophie failure. However, the crack date beee for deterainetion of the atatiatiee 
of the crack population did not exiet at that tiae and tba aubjaet waa not purauad. 

Anotbar daaaga tolaranca aaaaeaaant of the C-5 wing waa Initiatad In Baptaabar of 1977 
to reevaluate ell actions oeccaaery for the protection of structural safety until the 
wing could be modified. Ae s patt of tha affort of tha 1977 asaeasaant, a wing waa 
torn down that had bacn on aa oparatiooal aircraft (l*ockbead nuabar 61-0214). Thia 
aircraft had accuaulatad approxiaataly 6700 IMP flight hours. Tha taardown inapection 
waa perforaad on tha laft wing iacludiag tha aatira cantar aaction. A tatal of 44,641 
faatanat holaa vara axaaioad in datail. This iaapaction ravaalad 1361 cracka of vkich 
931 ware coaaidarad aigaifieaat. Thara was axtaoaive aachanieal daaaga ia 
approxiaataly tvalva pareaat of tka holaa and ia approxiaataly thirtaaa parcaat of tha 
holaa tha Taper-Lok faataaar iatarfaraaca was batov ainiaua. This taardown inspection 
ahovad that tha axiatanea of a "rogua** flaw in tba C-5 flaat was likaly. Tha raaulta 
froa the teardown inapection wnte exteneive eoougli euch that they could be need to 
aaaeea the riak of faitura of tha intact acrectura from fatigua cracking sad also eonld 
ba uaad to asaass tha dagradation of fail aafaty froa this cracking. 


A riak aaaasaaaat was aada to dataraiaa tha fallora prohabilitlaa for two eataa. Tha 
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firtc €«•• ««• for the eituetioa vherc the eircreft wee eeeuaed to heve • foiled panel. 
This aeeeeeaent wee aede to evaluate the loea of fail eafetp in the etructure due to 
cracking in the adjacent panele. The riek of cataetrophie failure for this situation 
is shown in figure 8. The second eaee wne for the situation where the structure wee 
aseuaed to he intact. The aeaessaent for the latter case was aiaed at providing an 
upper bound on the nuaber of hours thet the aircraft could be flown before the wing 
aodification would be required. The associated risk for the intact structure is shown 
in figure 9. One input to the risk aeaessaent is the probability distribution function 
for stresses, st a given wing location, associated with a single flight. This 
distribution function is known quite accurately froa the aany hours of recorded flight 
data. Another input to the crack length distribution function. This was derived froa 
the cracks found in the tesrdown inspection of aircraft nuaber 68*'0214. The observed 
cracks constituted a eaaple froa which an estiaate of the parent population was 
derived. A ssaple of this is shown in figure 10. The Veibull, log noraal and Guabel'a 
extreae value distributions were used for the parent populations. There was no 
significant differences in the calculated risk observed aaong these distributions. An 
estiaate of the equivalent initial flaw population for the C->SA spanwise splices is 
shown in figure 11. The studies perToraed during the 1977 daaage tolerance assessaent 
provided the crack growth rate function and the critical crack site dependency on 
stress. The analysis deteraines the single flight probability of failure. for the 
case relating to fail safety (i.e. the broken panel), the Doited States Air force 
Scientific Advisory Board (SAB) in Septeaber of 1977 endorsed the following stateaent 
regarding fail safety: "If a structural aeaber fails for whatever reason, then the risk 
of catastrophic structural failure on a single flight of no aore than one in ten 
thousand is acceptable." The calculations showed that at 7100 BHP flight hours Che 
single flight probability of failure was in fact one in 500. The failure probability 
of one in ten thouaand was reached at appprosiaately 4300 RHP flight hours. After a 
deliberation, the SAB judged this to be acceptable. The usage of the C'^SA operational 
aircraft was carefully aonitored until the wing box change was accoaplished. Although 
wing cracks were found by the inspection prograa chat was imposed by Che 1977 damage 
tolerance aasesaaent, there were no aircraft lost because of this problem. 

The new wing box was designed with a stringent one g stress and fatigue 

requireaenc in addition to a daaage tolerance requireaent chat precluded the need for 
inspections in its 30,000 life. The daaage tolerance requireaent meant the safety 
liaic on the wing was 60,000 hours based on initial flaws from HIL*A'‘83444. The wing 
uas fatigue tested for 105,000 hours with a representative flight by flight spectrum 
with little evidence of degradation. It is not likely that this wing will suffer froa 
aulcipte site daaage during its design life. 

4. The C-141 Aircraft 

A recent assessaent of the C~141 ucilited soae of the knovledge gained froa Che vork 
done on Che 10*135 and the 0*5. The 0*141 became operational in the U8AP in 1964. It 
was originally designed and qualified for a life of 30,000 flight hours. In 1974 a 
daaage tolerance aasassaeot mas initiated to deteraine if the life of the structure was 
adequate to justify stretching the fuselage to obtain an increase in cargo voluae 
capacity. This asseesaent evaluated the entire structure and examined the fatigue test 
prograa that was still being accoaplished on a full*scale fatigue test article that was 
a complete fuselage with wings, pylons and a vertical tail. This fatigue test article, 
called Specimen A, had sccuaulaCed at chat time 90,000 cyclic test hours with a block 
loading sequence of a spectrum chat had since been shown to be not representative of 
operational aircraft usage. Crack growth tests from small flaws were used to develop 
ratios of lives from tba Specimen A testing and froa current osage with a 
fIight*by*f1ight specCrna. Proa these ratios, which were developed for vsrious 
locations on the aircraft, it was determined that tbs C*141 should be able to achieve a 
life of 45,000 hours. On this basis, a decision was made to stretch the aircraft. 

The question now is: "could the life of the C*141 be extended beyond 45,000 hours?" At 
Che time of the original daaage tolerance assessaent, it wss judged that Specimen A was 
not at its economic life. In fact, this article was tested to a total of 118,466 
cyclic test hoars with the spectrum changed to the then current usage and the sequence 
was changed to f1ighc*by*f1ight. Thera was a partial tesrdown inspection prograa on 
the fatigue test article, coapliaented by an extensive nondestructive inspections. The 
crack sise distribntion from these ioapections Is shown in figure 9. It was found that 
the crack growth froa a 0.127 ailliaeter corner flaw matches the 41 ailliaeter crack 
found in Speciaan A. Proa an esaaination of tho C*5A initial crack distribution in 
figure 9, the expected crack sise for a probability of 1/6000 is just slightly larger 
than 0.127 ailliaeters. This indicates thet the C*5A initial crack distribution is 
reasenable for the G*141. As with the C*5A, a loss of a panel will cause a large 
nuaber of fastener holes (approxiaately fifty) in the adjacent panels to have high 
stresses. These stresses are high enough smch that s crack of approxiaately one 
ailliaeter located in this high stress field could propagate rapidly and cause 
catsstrophic failure of the aircraft. This condition is astioated to exist with a one 
in ten thousand probability of occnrreace at approxiaately 45,000 flight hours. 
Therefore, flight beyond 45,000 hoars could not be accoaplished with the desired level 
of safety. 

5. COBCliOtlOlS 


The three aircraft discussed above have several features in coanon. first, it was 
foond that fail safety was jeopardised with s relstiwely small population of cracks. 
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This asy not be true in ell esses. For exsaple, sa Avro 748 operstlng in Argentine had 
s failure due to Multiple site daaage on 14 April 1976 131. In this instance the 
aircraft was able to sustain damage in numerous fastener holes at a rib location before 
the wing separated in flight. Also* since the stress is significantly elevated 
subsequent to a failure of a structural member* Che sises of the cracks in this 
population are such that it is unlikely that they would be found unless a specialized 
nondestructive inspection procedure was used. Therefore* it is prudent for Che 
structural analyst to make a judgement during the design process on the extent of 
cracking chat would degrade safety. The second feature is that a combination of 
fatigue teat article and operational aircraft ceardown inspections were adequate to 
identify this problem and permit remedial actions to take place before an aircraft was 
lost. It is not likely that nondestructive inspections of operational aircraft would 
have been useful to determine Che actions needed to solve these problems because of the 
requirement for the detection of small flaws. Another feature is that the assessment 
of risk of failure was a useful tool in the assessment of the severity of Che 
situation. In the case of Che KC*13S* the risk assessment focused management attention 
on the problem. This precipitated a series of actions that ultimately lead to the 
decision on Che timing for reskinning the wings. In the case of the C>5A* the 
potential for multiple site damage degrading the fail safety of the wing did not change 
Che timing for the wing box replacement, although it did make the pilots aware chat the 
wings on these aircraft in late life were not the same as they were when new. For the 
C-141* the flight hours for the threshold for multiple site damage has been 
established. This result and other iasues relative to the structural integrity of this 
aircraft will be the basis for USAF management to make their decision on the future of 
this system. 

In summary, it has been shown that multiple site damage can play a major role in the 
life management program for wing structures in addition to other components of an 
aircraft. for an aircraft where the maintenance of fail safety is vital to the 
operational safety of the aircraft Chen it is essential that there be an assessment of 
Che timing of the loss of fail safety from multiple site damage. 
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_ FLIGHT HOURS _ 

FIRST INSPECTION AT 1/2 TIME TO CRITICAL FLAM SIZE 
SECOND AND SUB. INSPECTIONS AT 
1/2 TIME TO CRITICAL FLAM SIZE FROM NDI FLAM SIZE 
PLUS TIME AT PREVIOUS INSPECTION _ 


Figure 1. Damage Tolerance Concept - Slow Crack Growth 



17-6 


CRACK 

LENGTH 



Figure 2. Damage Tolerance Concept - Fail Safe 
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Figure 4. Strength to Weight Ratio Comparison for Metals 



Figure 5. Limit Load Critical Crack Length to Weight Ratio 
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Figure 8. C-5A Probability of Failure with Failed Panel 
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Figure 9. C-5A Probability of Failure for Intact Structure 
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BASED ON TEARDOWN INSPECTION OF A/C 68-0214 



Figure 10. C-5A Teardown Inspection - Crack Size Data 
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Figure 11. Crack Distribution from C-5A 
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LARGE AREA QNDE INSPECTION FOR AIRFRAME INTEGRITY 
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SUMMARY 

(^antitative Nondestructive Evaluation 
(QNDE) technology is being developed to 
provide new options for cost effective 
inspection of airframes. An RAD effort based 
on rive NDE technologies is addressing 
questions of structural bonding assessment, 
corrosion detection, multisite damage 
detection, and fatigue characterization. The 
researcb/applications are being conducted by 
prioritizea focussing and staging of the 
following technologies: 1) Thermal NDE, 2) 
Ultrasonic NDE, 3) Coherent optical NDE, 4) 
Magnetic imaging NDE, S) Radiographic 


This paper focuses on the most recent 
applications of thermal NDE technology to 
large area inspection of lap-joint and stiffener 
bonds. The approach is basM on pulsed 
radiant healing of the airframe and 
measurement of the surface temperature of the 
structure with an infrared imager. Several 
advantages of the technique are that it is 
noncontacting, inspects one square meter area 
in a period or less than 2 minutes and has no 
difficulty inspecting typical curvatures of the 
fuselage. Numerical models of heat flow in 
these geometries are used to determine 
appropriate techniques ('or reduction of the 
infrared images thereby delineating regions of 
disbonds. These models are also used to 
determine the optimum heating and 
measurement times for mazimizing the 
contrast between bonded and unbonded 
structures. Good agreement is found between 
these results and experimental measurements 
and a comparison of the two are presented. 
Also presented are results of measurements on 
samples with fabricated defects which show 
the technique is able to clearly indicate 
regions of disbonds. Measurements on an 
airframe also clearly image subsurface 
structure. 

IWYMnUCTIflli 

The recent inflight structural failure of an 
Aloha Boeing 737 has increased the 
awareness or the need for better NDE 
techniques for characteriiaiion of commercial 
airframes. Current techniques are typically 
single point measurements, with correlative 
relationships developed between probe 
outputs and characteristic defects. 
Interpretation of such data are typically 
submtive, relyiag principally on the skilt of 
the inspector. As a result of ine monotonous 
nature of the measurement and the unlikely 
occurrence of a defect, this type of testing is 
also very susceptible to operator fatigue. 

New NDE technologies are being developed to 


improve safety of the aircraft by increasing 
the reliability of the inspection while 
reducing its cost. These new systems typically 
incorporate large area scans to develop a 

f jobal image or the integrity of the airframe, 
n parallel to the development of these 
systems, a science base is under development 
to assist in the interpretation of the 
measurements and reduce human factor 
fluctuations in inspection integrity. A second 
advantage of imaging technologies is a 
significant reduction in inspection cost. 

At NASA Langley Research Center, S 
different technologies are beirig considered 
for inspection of aging aircraft fuselages. 
While these techniHogies offer 
complementary information, their integration 
into a total inspection package will result in a 
system for aircraft integrity which is greater 
than the sum of the parts. The pursued 
technologies in order of staging are thermal, 
ultrasonic, coherent optical, magnetic 
imaging, and radiographic NDE. Each of these 
technologies provides information for 
inspection of aging aircraft and assessment of 
structural integrity. 

Topical of these systems is thermal NDE. 
Recently developed real time image 
processors have already been used to 
significantly imjirove the sianal-to-noise ratio 
in tbermographic images. These image 
processors also enable the digitization of the 
time evolution of the surface temperature of a 
structure. These digitized records can be 
processed using physical models of heat flow 
to extract quantiutive structural integrity 
information from systematic noise sources 
such as camera artifacts or uneven heating 
effects. 

These advances are coupled with the inherent 
advantages of thermography detection. 
Thermography is nonconucting and able to 
inspected a luge area in a short period of 
time. Thermography has successfully 
demonstrated detection of disbonds in 
laminated structures, which makes it a good 
candidate for inspection of bonds in airframe 
lap joinu. !t is therefore an ap^priate 
technology for aging nircraft InspMtioa. This 
paper reports the development of n system at 
NASA Langley Research Center for 
tbermographic inspection of lap Joints. 

The technique presented for the detection of 
lap joint disbonds utilizes qnutz lamps to 
heat the front surface of the Up joint and an 
infrared imager to image its thermal response. 
An imm processor averages and Agitises the 
thermaiimages. The time «rivatives of these 
images ue calculated to enhance the contrast 
between bonded and nnbc nded regions of the 
lap joint. To qaantiutively compare the 
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SAMPLE 



Figure 1. Infrared Measurement System 


ditierent time derivative images, contrast is 
defined to be a function of the moments of the 
histograms for the bonded regions and 
unbonded regions of the images. Comparison 
of the bonded-unbonded contrast for different 
heating times has made it possible to establish 
the optimum parameters to maximize the 
probability of detection of a disbond. 

MEASUREMENT SYSTEM AND 

SAMPLES 


results in a difference in temperature between 
the lap joint regions and regions adjacent to it 
due to the increased heat capacity of the lap 
joint. For early times, the lap joint is modeled 
as a three layer system with an adhesive layer 
bounded by two other layers of identical 
material. Initially, the temperature of the 
system is assumed at equilibrium and a flux is 
uplied to the surface of one of the layers. 
Tne time dependence of the temperature is 
determined using a numerically inverted 
Laplace transform technique. The thermal 
properties of the adherents and adhesives are 
chosen to correspond to the properties of 
aluminum and a typical epoxy, respectively. 
The thermal conductivity used for the 
aluminum is 0.48 cal/fsec cm oK) and for the 
epoxy is 0.00041 cal/(sec cm oK). The 
thicknesses of the aluminum and epoxy are 
O.IOI cm and 0.013 cm. 

The time dependence of the temperature of the 
heated surface is shown in figure 3. Also 
shown as a comparison, is the time 
dependence of temperature for both a single 
layer of aluminum (0.101 cm thick) and a 
double thickness of aluminum (0.202 cm 
thick). The input flux is assumed to be 0.0166 
watt/cm2 which is a measured value for a 
typical configuration of the measurement 
system. As can be seen from figure 3, after the 
layers achieve an equilibrium thermal flow 
condition, the bonded structure increases in 
temperature at a rate which is approximately 
1/2 the rate of a sinjgle layer of aluminum for 
the one dimensional case. 


A schematic of the measurement system is 
shown in figure 1. Two banks of tubular 
quartz lamps (4000 Walts each) were used to 
heat the front surface of the sample, shown in 
figure 1. An infrared imager consisting of a 
single liquid nitrogen cooled HgCdTe detector 
(8 - 12 ttm) was used to measure the infrared 
radiation (thermal response) from the surface 
of the sample during and after the application 
of heat. The video output of the imager was 
digitized and averagea by an image processor. 
The averaged images were obtained for twelve 
different time periods, six during heat 
application ana six daring cool down, with a 
constant time interval between averages. A 
microcomputer controlled the image processor 
and the application of heat. The twelve 
images were then transferred to the 
microcomputer and stored for later analysis. 

A typical sample is shown in figure 2, 
consisting of two sheets of aluminum, bonded 
with a three inch overlap using a room cure 
epoxy. The dimensions of the sheets are 123.8 
cm by 61 cm and 0.102 cm thick. Disbonds 
were created by inserting poll tabs f.013 cm 
thick) of different dimensions into the bonded 
region before curing. After curing, thesepull 
tabs are then removed to leave voids in the 
bond. 


ONE PIMEWSLQMAL.MIiaJEL 

Insights into the basis of the technique are 
obtained by considering a one dimensional 
model. The application of heat to a lap joint 


As healing progresses, the temperature 
difference between the bonded and the 
unbonded regions results in heat flowing from 
the unbonded to the bonded regions. This 
lateral heat flow reaches an equilibrium state 
in a period of time dependent on the shape of 
the disbond, with smaller disbonds obtaining 
an equilibrium sooner than the larger 
disbonds. After lateral equilibrium is reached. 



Figure 2. Typical lap joint saimile with 
delaminaiions of 2.5, 3.8 and 3.1 cm in 
width. 







Figure 4. Typical temperature image from 
simulation or lap joint with disbonds. 
Regions of disbonds are superimposed on 
images. 

the temperature of the entire sample increases 
at a fixed rate. 

When the heat source is removed, the process 
reverses itself. After a short period of time, 
there is lateral heat flow from the bonded 
region, with its layter heat capacity, to the 
unnonded region. Toe removal of a heat flux 
is modeled as the continuation of the initial 
flux and with the addition of a new sink of 
magnitude equal to the initial flux. If the 
lateral heat flow has reached an equilibrium 
from the initial flux, then variations in the 
rate of change in the temperature are due to 
the application of this sink plus the 
convection losses. Since the addition of these 
two heat sinks is greater than the initial flux 
into the sample, the greatest variation in the 
time derivative of the temperature follows the 
removal of the heat source. 


THREE DIME NSIONAL SIMULATION 
OF TECHNIQUE 

The limits of the technique are determine by 
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Figure S. Typical time derivative of 
temperature image from simulation of lap 


the size and shape of the disbond. Therefore 
accurate modelling of the technique requires 
three dimensional simulations of the system. 
These simulations can be used to optimize the 
technique and determine its limits. Also, the 
simulations are available for comparison of 
different data analysis methods using 
controlled conditions and variations in a 
manner which is often difficult to reproduce 
in the laboratory. In this study, the 
simulations yield an optimum heating time for 
a particular size and shape defect which can 
be utilized as a guideline for experimental 
procedures. 

A typical lap joint is represented in figure 2. 
The sample consisu of two thin sheets of 
aluminum bonded together. The layers are 
then riveted together. For the region of 
overlap, the heat capacity is twice the heat 
capacity of the region where there is only one 
layer of aluminum (neglecting the heat 
capacity of the epoxy, which is 4% of bonded 
structure). If a disbond is present between the 
two sheets of aluminum, a thermal contrast 
due to the disbond must be differentiated from 
the contrast due to the variations in beat 
capacity across the sample. 





































l«-4 


time decivuive image, the addition of 
gaossiaa noise to the temperature distribution 
makes detection of a 2.54 cm disbond 
difficult as is seen in Tigure S. The optimum 
heating time determined from simulation data 
for this size defect is approximately 24 sec of 
heating. 

data analysis 

Since the numerical modeling indicates that 
the time derivative of the temperature results 
in an increased contrast between the bonded 
and disbonded regions, a technique was 
sought for taking the time derivative of the 
infrared images. To increase the signal to 
noise ratio in the time derivative, a time 
series of images is used in the calculation. 
The time varying infrared images are fit, 
point by point, with a second order 
polynomial. The time derivative is obtained 
by taking the derivative of the polynomial. In 
this effort, the twelve images are divided into 
two time series, the first six and last six 
corresponding to heal application and post 
heat application, respectively. 

The resulting images are viewed to determine 
the resolved area of the disbond. To facilitate 
the analysis of the images, histograms are 
taken for the different regions on the images 
corresponding to bonded, disbonded and 
single thickness aluminum. The histogram 
overlap is a measure of the ability of the 
technique to detect disbands of a given size. 
Therefore, a comparison of the histograms for 
different heating times and of the time 
derivatives at different points in the time 
series is used to establish the optimum 
heating protocol and data redaction technique 
for each disbond size. 

A comparison of the histograms is done by 
defining contrast in terms of the moments of 
the histograms. The first three moments of the 
histogram are defined as 


Md>£ countsi 

jal 


m 

Mi»X icounisi 12 ), 

i-1 

and 


M 2 >£ i^counisi (3), 

i-1 

where m is the number of channels in the 
histogram and countsi is the number of counts 
per channel. For a gaussian distribution M,/ 
M« is the location of the peak of the 
distribution and the half width at half 
maximnm(w) is given by 


A comparison of the widths of the histograms 
to the separation of the peaks for the different 


regions of the image indicates the contrast 
between the different regions. For this work 
the contrast between the bonded and 
unbonded regions is defined as 

contrast-2 (5). 

wn+w), 

where p. and pi, are the peaks of the 
histograms of the unbonded and bonded 
regions, respectively, as approximated from 
equation (4) and w, and w^ are the widths of 
the histograms of the unbonded and bonded 
regions, respectively, as approximated from 
equation (S). The contrast Mtween bonded 
and unbonded regions is determined for each 
image to esubliA the best heating lime and 
value for j in equation (1). 

RESULTS ANP PlSCllSSiaii 

Selected time derivative images of thermal 
data acquisition are shown in figure 6. These 
are calculated from infrared images obtained 
using the sample shown in figure z and heated 
for Z4 seconds. All of the disbonds, the 
sm.sllest being 2.54 cm wide, are discernable 
in these images. In these images the contrast 
between the disbonded and bonded regions is 
greatest at the beginning of heating and 
immediately following the heating. As the 
heating or cooling progresses, the conuast 
decreases corresponding to lateral heat flow 
equilibrium. The effect of random noise on 
the lime derivative images is also clearest at 
the earliest and latest times of the time series 
used for the analysis. The increase in noise 
results from the time derivative being 
calculated at extreme points of the time 
series. The interaction between the increased 
noise and increased contrast determines the 
optimum condition for analysis and 
measurement protocols. 

The computed contrast, as defined in equation 
5, is calculated for each of these images and 
is shown in figure 7. The trends of the 
computed contrast agree with visual 
perceptions of the relative variations in 
contrast between images. There are slight 
variations in the computed contrast which are 
visually difficult to differeuiiate. An example 
of this IS that the largest computed contrast is 
observed in the first post beating time 
derivative image, yet Ibis variation is 
difficult to discern visually. Another 
advantage of this representation is that it 
allows a relatively simple comparison of a 
large number of time derivative images. 
Figure 8 shows experimental data or the 
contrast variation for different beating rates. 
The contrast between the bonded and 
unbonded regions of the image are shown for 
all the times corresponding to the acquired 
images. The effect of noise is clear in this 
figure, where the shorter beating times have 
smaller signal to noise ratios. Therefore the 
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Figure 6. Time derivatives of infrared 
images at given time intervals both during 
and lollowing 24 seconds of heating. 

shortest heating times have poor contrast in 
the early images. From figure 8 it is easy to 
determine that maximum contrast occurs 
following a 24 second heating of the sample, 
which agrees with numerical modeling 
analysis. 


rONCi.llSION 

Significant advancements have been made in 
quantitative NDE which offers new capabilities of 
inspection of aging aircraft. In particular, imaging 
techniques advance possibilities for more reliable 
inspections at reduced cost. Current efforts are 
being aimed at realizing those possibilities. 
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Abstract 

NASA is conducting the Airframe Structural Integrity 
Program in support of the aging commercial transport 
fleet. This interdisciplinary program is being worl^ in 
cooperation with the U. S. airframe manufacturers, air¬ 
line operators, and the FAA. Advanced analysis 
methods are under development to predict the fatigue 
crack growth in complex built-up shell structures. 
Innovative nondestmcthre examination technologies 
are also under development to provide large area 
inspection capabilhy to detect corrosion, disbonds, and 
fatigue cracks. This paper reviews recent fracture 
mechanics results applicable to predicting the growth 
of cracks initiating at the rivets of fuselage splice joints. 

I. Introduction 

On April 28, 1988, an Aloha Airlines Boeing 737 
experienced an in-flight structural failure when the 
upper fuselage ripped open and a large section of the 
skin peeled away. This failure was predpitated by the 
rink-up of smalt fatigue cracks extending from ari^mnt 
rivet holes in a fuselage lap spHoe joint. This event, 
brought about by multi-srta damage (MSO), helped 
locus the attention of the industry on the problems of 
operating an aging commercial transport heat. 
Curremiy, approximately 48% of the jet airplanes in the 
Heel are over IS years old, with 26% being over 20 
years old. During the past two years the industry has 
acted to ensure the continued sale operation of the 
aging fleel. These activities included kictaased 
emphasis on maintenance. Inspection, and repair as 
we8 as mandatory modHIealions to varfoue models in 
the fleet. AddHtonsd ways of ensuring safety are being 
vlgoioueiy pursued for both the current fleet and air¬ 
craft for the next-generation fleet. Thispeper 
descdbes the research adMtlee of the NAM Airframe 
Structutal imegifty Piogiam (ASIP) which has the goal 
of devetoping bnproved technotagy to support the said 
oparaHon of the currant fleet and the deslin of more 
dunaga-tolerani ahcran for the next-generailon fleet. 

Basie rseeatch rttoledtotheMBueandfnKiiureof 
mefale, oempu tMtonel hacfura mee h an tos , siruciurai 
artafl^to meatoda, and nondaatnicBve exariflnaflori 
(f^c) mattiodi tor maiarfai defect eharacfertzaaon has 


been orgoing at NASA Langley for many years. All of 
these disciplines have been brought to bear on the 
problems facing the aging commercial transport fleet. 
NASA has developed the ASIP in coordination with 
the FAA and the U. S. airframe manufacturers. The 
ASIP has two key program elements. They are the 
development of advanced analysis metho^logy to 
predict the fatigue crack growth in complex built-up 
strocture and innovative NDE technologies to detect 
fatigue cracks, corrosion, and disbonds in adhesively 
bonded joints. The near-temt focus of the program is 
MSD in lap splice joints. However, the research is 
generic in nature and the develop^ methodology is 
expected to be applicable to mariy other stnictural 
componems that may be fracture critical. 

The objective of the analysis methodology program is 
to develop and verify advanced mechanics-based 
prediction methodology which can be used to deter¬ 
mine inservlce inspection intenrals. quantitatively 
evaluate inajMctlon findings, and de^n and certify 
damage tolerant structural repairs. THs otHective will 
be met by deveiopfng an analysis methodology that 
integrates global shell analysis with local fracture 
merrnanies analysis to praiM falfgue crack growth in a 
fuselage structure. This can best be accomplished by 
developing and exploiting gtobaVlocM strategies tor 
combining the necessary levels of modeing and 
analysis. These levels are shown schemaflcally in 
Figure t. A suffidontly dstailed local analysis is used 
to obtain the boundary eondWon s for a physically 
meaningful yet co m p u ta f lonally tractable crack prob¬ 
lem. Then a fracture mechanics analysis employing 
crack closure oonospis Is used to predict crack growth. 
The ettoets of the crack growth must then be integrated 
{ipimd to the global stnictural levol to insure that 
correct toad transfer paths and internal load dlstribu- 
tions are oaieulated. Of coutse these a na lyses may 
have to be per for med hi an Heratlvo fashion to achieve 
correct resulls. 

The program logic Is shown schemaflcally in Figure 2. 
The indhridual program ele m e n ts are dtocu s t ed In 
mofp Oimi m mv lowiwinB ncvOii*. a vnm owivitw 
of the dbectton of resaatch tor each sfantent sriV be 
tolowod by a summaiy of the aWua of iha swk In 
progresa. Ratovant raiufls sM ba daeuasad In aiaas 
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where the research is sufficiently mature for 
presentation. 

II. Fatloue Crack Growth glosute Model 

The concept of crack closure to explain crack growth 
acceleration and retardation was pioneered at NASA 
Langley almost two decades [1]. The closure con¬ 
cept, illustrated schematically in Figure 3, is based on 
the postulate that the wake of plastically deformed 
material behind an advancing crack front may prevent 
the crack from being fuily open during the complete 
loading cycle. Therefore, only part of the load cycle is 
effective in growing the crack. A plastidty-induc^ cio- 
sure model [2] employing fracture mechanics princi¬ 
ples was shown to be quite accurate in predicting the 
fatigue crack growth in aiuminum ailoys for a number 
of basic crack configurations for both constant ampii- 
tude and spectrum loadings. The closure model has 
also been successfully used to explain the smaii-crack 
phenomenon exhibited by many aluminum alioys. The 
crack growth rate data must be correlated with the 
effective stress-intensity factor range rather than the 
lull range to yield meaning^l predictions of totai crack 
growth. The successful coupling of the closure 
methodology with the small-crack growth rate data 
base has resulted In a total life prediction methodology 
which treats initiation by predicling the growth of 
micron size cracks initiating at inclusion particles in the 
sub-grain boundary microstructure [3]. This type of 
methodology is necessary to predict the fatigue crack 
growth of small cracks initiatirig at a rivet hole before 
they grow to a detectable size. Furthermore, this 
methodology may be used to predict the necessary 
inspection Intervals to monitor crack growth before 
ethical sizes are reached and link-up of adjacent 
cracks occur. 

Aecent ttaauitt of Work-fn-Progroao 

A computer code, FASTRAN [4], has been developed 
lor predicting crack growth using the NASA closute 
model. The present version of FASTRAN, available in 
the public domain through COSMIC, runs on a main¬ 
frame computer. An exampie of the accuracy and 
computational efficiency of this code was demon¬ 
strated recently by comparing predteiad results to 
experimental life results obtained from tests of center- 
cracked tension coupons subjected to the Mini-TWIST 
spectrum, a standard transport wing structure spectrum 
of about 64,000 loading ampMudes (SJ. At a low mean 
stress, Sm ■ 20 Mpa, the experlnwntal He (average of 
two tests) was determined to be 3,230,000 cycles from 
a 6 mm length crack to failure. The crack length is 
ptottod versus the opening stresa calculaled from 
FASTRAN inFigurs4. ifie predkilod He was 20% 
higher than the expsrlmenial value. Atahighmean 
stress, Sm - 60 M|m, the ex perl m ant al Ma (average of 
two teats) was datarmkied to be 152,000 cydes. In this 
case, the pradICMd Me was 2% below the expeilmen- 
Hl value. The low moan atiees and high mean stress 
cases requited 20 and 1.6 CPU m lnuta s , reapectivaly, 
on a mainiramo (CONVEX) oanwMr u^ scalar and 
vector optimii ayon Those ptetMiona were baaed on 
oalculaiing the opening abeaa during very small 
increments of crack axienaion throughoiX the Mo. 
However, by using a domage-weightad average 
opening sireoe, 3o* Ibe raciulfod oomputtftonel 6mo 
wasr erjucdd toil ml nulaaandl.4intnuiaa>efaMtwiv 
mean abeaa and high mean abiMa oaaaa, taapbcSvaiy. 
n oBtnpenaon eewraan ere inmM ooroumaorw arm me 
avoNgb cpanbig MfPba la shown in FIjpins 4. The 
predlMdiiMiMwoM lg%higharand») Howe r«»an 
bra exparimaiWbl valuaa lor Pie taw mean sireaa and 
high mean abeaa oastML reapacpvely. The Prat applca- 


Uon of Mini-TWIST was used to create the characteris- 
lic plastic waka for the spectnim. The average open¬ 
ing stress was calculated from the closure model 
opening stresses during the second time through the 
Mini-TWIST spectrum. The average value was then 
used for the repeated spectra until failure was pre- 
dkned. This approach makes the closure model com¬ 
putationally cost competitive with empirical crack 
growth models presently used in the aerospace indus¬ 
try. A PC version of FASTRAN is under development 
which wili result in even further computationai cost 
reductions. 

Ml. Fraeture Mechanics of USD 

A rigorous fracture mechanics treatment of cracks 
initiating at rivet holes and MSO will require stress 
intensity factor solutions for three fundamentally differ- 
em levels of crack sizes. For very small cracks below 
the damage tolerance regime, the finite element 
method will be used to generate solutions to three- 
dimensional (3-D) crack configurations such as sur¬ 
face and comer cracks initiating at countersunk rivet 
holes, as shown in Figure 5. The anticipated results 
from these analyses will be a compendium of anaiyti- 
cal expressions for the stress intensity factors for 
several basic crack configurations. After the cracks 
extend through the wall thickness and beyond the rivet 
head, the cracks will be in the detectable range and 
amenable to the damage tolerance philosophy. The 
two-dimensional (2-D) boundary element method will 
be used to generate stress intensity factors for MSO 
crack confi^rations prior to extensive link-up, as 
shown in Figure 6. A PC-based computer code virill be 
developed which will compute the stress intensity fac¬ 
tor for each crack tip for an unequal distribution of 
straight or cunred cracks at ailjacent rivet holes. After 
MSO crack ank-up, the cracks are quite large and 
crack growth will be rapid. The stress intensity factor 
for these cracks will be strong^ influenced by the 
geometric nonlnaar response of the stiffened fuselage 
shell stnicture. A geometric nonlinear finits-element 
shell code will be developed that will model the stiffen¬ 
ing effects of longitudinal stiffeners and tircumferential 
frames. The crack-tip stress Intensity factors win be 
calculated by employing special crack-tip modeling 
and an adaptive me^ strtdegy to properly model the 
trajectory of the growing crack. Resecuch is underway 
at NASA to develop methods to rigarously and 
efficiently address an three levels of crack growth. 

NASA has developed several computational methods 
tor computing stress Intensity factor solutions to com¬ 
plex crack configurations. The boundary force method 
(BFM) [6] is wen suited to 2-0 problems such as 
through cracks in thin sheel nMeriai. An exanqrle of 
Ihe ^ of problem that can be efficiently treated by 
the BFM method is inusbatsd in Figure 7. For more 
complex problems, the finite-elemem method and the 
virtuai-cracfc-clasue technique (VCCT) [7] have been 
sucoessfuNy employed to obtain sokitoire to 3-0 crack 
conUguialions such as a surface crack emanating from 
a semi-cifculBr notch as shown in Figure 8, where the 
angis phi to 80 at the inlerssclton of the crack and the 
notch boundary. The squIvatotM domain Megral 
msthod (EDO W haa atoo leoantty baan imptornantad 
Into the NASA Intiaatomant codas. This teohriiqua is 
won suRsd lor 2-0 and 3-0 crack problams invoMng 
mixed mods taadtoga and m at e r ia l no nio aailly. For 
axampto, the J-kita^ compuMd tof the EDI method is 
com pa r e d to anataacai resula ob tas n s d by the VCCT 
MctwiqualnnguieM. Aala Mu s ir i Hd lnFtaMte»,both 
ischnk^ Bhre aquil aceuNKir tor inaar MMtie 
p tobis ^ MtadiMonaladvaiaBgaofihaEOl method 
is Mtot I dsaa not raqutas the inlia atamant maah to be 
muiuyunv v oiMai if«ni m otoif «> ommimp ow 
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stress tottansity (actor. Both the VCCT and EDI 
methods have been implemented into a public domain 
computer code. ZIP30 (9], available thro^h COSMIC. 
NASA has also davetoped analytical aquations irom 
the finite element numerical tesulls lor the stress 
intensity factors lor many basic crack configurations. 
Reference 10 provides the stress intensity factor equa¬ 
tions for a nurnber of 3-D crack configurations 
commonly encountered in structural applloations. 

Aecenf ffeatrAa of Woi*~ln-Progfoso 

The near term focus of the NASA fracture mechanics 
research is on MSD prior to link-up to support the 
damage tolerance philosophy currently tMng impla- 
memed by the airline industry. An ANemating Indirect 
Boundary Element (AIBE) computer coda [11], a force 
method version of the more familiar boundary element 
method, is being developed for MSO crack configura¬ 
tions. The AIBE corle will generate the stress intensity 
factors tor the individual cracks ol a distribution of 
unequal, interacting cracks extending from toaded rivet 
holes. Methods are being developed so that in-plane, 
out-of-plane, and rivet lo^ can be inciuded in the 
analysis. The cunent version of the code can only 
modal straight cracks. However, a 2-D appro^ to 
analyse curved cracks is being developed using the 
distributed dislocation concept [12]. This method will 
also bo availablo to analyze crack configura¬ 
tions. Additionally, a special version of FASTRAN has 
been coupled to the AIBE code so that fatigue crack 
growth can also be computed. 

Each new capability ol the AIBE code is being verified 
by comparing to available analytical results from other 
computational techniques for simple crack oonfigura- 
lions. A complote code verification will be achieved by 
comparing analyst predictions to experimental 
results. To date, AIBE code predictions have been 
compared to experimental rwults tor Ihe special case 
of multiple iati^ cracks growing from open holes in a 
thin sheet subjected to remote uniform tension con¬ 
stant ampitude loadings. Figure 10 shows the exper¬ 
imentally measured distribution of crack lerrgths along 
with the stress Intensity factors for each crack. The 
stress intensity factors are normalzed by the stress 
intensity factor for an average crack len^ assuming 
an inllnita periodic anay of equal erwks. Figure 11 
shows the comparison of the fatigue crack growth cal- 
culatione for tha unequal dtotribution of crack lengths 
and the infinite perfodto array of equal cracks to tfw 
experimental retutls. It is obvious from these resuRs 
that the simpliatic approach of assuming equal crack 
lengths may not aknys generate aocuraie predtotions 
of crack growth and cycles to crack fink-up. Many 
additional experlmenfat cases of crqck oo nf lQu r ailone 
and loading oondNIons are being oondueied in order to 
refine the AIBE code and more fufiy verify its accuracy. 



The behavior of large cracks in kiestoge snudurss 
such as micHiay cracks or aploe joint cracks allsr 
>il80fi n(Hy aia slw >(ig^ktlwncied byt hsijWsnln|j 
sflSGis of gie ckcumlsisnBsfi finatss and lorigtoidnal 
tadene rs. »_ls ne t pssdic al •» a* Os sfisictoa i 
difiaits In a finltf^eientsnt ans^f^fs. ^Jssafisr s^fiden^y 
lian bs acMtorsd fig saptaMng a gioballtooai sfiMsgy 
oftess local dsMlfs that prodiice saassg ra dtora i can 
bo tNOtod fit a ooafipankKi anatyak to As gUbal 
abucbiral analysis. Tka atn ic a ii a l a n aiy da w ei lw dai 
ege wM liovo to aBBoamsadsaaiafirtc nonlnaar 
MnSViOf M VPlI M IMW MMHRitfOn btfMWiQf. 

ENscls sueli as pfOiwio ate ooNwd bulH 


tor in the analysis. This is necessary to predtot the 
crack growth direction and crack op^ng of largo 
cracks that may rssult in a rapid decompression rather 
than a catastrophic in-ffighl failure. 


To predict accurately the behavior of a growing crack 
in a stHlenod shell structure, the global/local method¬ 
ology must be extended to Include an adaptive mesh 
coricept so that the local refined mesh can change in a 
manner dtotatad by the growing crack. This concept is 
illustratad schematically in Figure 12 taken from the 
work of Wawrzynek and Ingraffe a (13|. Thopathofthe 
growing crack is represented by the heavy dark line in 
Figure 12. The top two schematics iHuslrate the ele¬ 
ment deletion and refill concept while the lower two 
schematics illustrate a crack growth example problem. 


The integrated fracture mechanics and fuselage 
stnictural analysis methodology must be verified by a 
test program. As shown in Figure 13, there are vartous 
levels of testing required to acMevs a fuR verification of 
a structural analysis methodology. The goal of the 
ASIF program is to achieve verification through the 
curved panel and subscale barrel test article level. 

This program element virill be conducted in coopera¬ 
tion with Boeing Commercial Airplane Company and 
Douglas Aircraft Company. Each airframe manufac¬ 
turer will contribute oanels with riveted splice joints 
typical of their mannfacturing practices. Furthemtore, 
data from previous fatigue and damage tolerance test 
programs conducted by the airframers wifi serve as 
benchmarks for the analysis methodology verification. 


VII. aummfiPf 


NASA is conrlucting interdisciplinary research combin¬ 
ing the discipfines of fracture mechanics, stnxiural 
mechanics, material scianoa, and nondestructive 
instrumentation sciences tor the purpose of developing 
an advanced intsgrotad technoloinr to support the 
continuing airworthiness of the a^ng oommerciai 
transport fleet. The objective of the analysis method¬ 
ology program is to develop and verily advanced 
mechwtics-based pnOk/Uon methodiilogy which can 
be ueed to rtetermlns In s e nrice In s pection intervals, 
quanfitoHvoly evahjoto kwpactlon findings, and design 
and oertily damage tolsrant struelural repairs. The 
program is oooidtoaled with the FAA and is being 
worked coopemivoly with the U. S. aklrame manufac- 
lurers and airfine opWors. 


Fracture mecha n ics solutions to cracks extending from 
the rivets in fuselage sploa joMs are being developed 
which w« bo gpploaWe to muM-siie damage (liiSO). 

A pl a st i cffy -induoad cteaure model is bektg davetope d 
nfM to pffcMtnQ IMiQuv c nK fc 

growth of MSO crack oonflguiaiians. Thisfiechire 
fiKcnvi^s ifwnoQOwnf w pwiq ffuSBnMQ wmd • 

bMSd iiMiottf-thii ttttiQufSl Miiliftis 
fiMhodotaj^ W VmiI sipnMttvii psoimMc nonKnMr 
fllwits on ewA 9^owih inoi^ bo oooufolt^ ppoddid. 
ino wiHDnooo fnooiooownr wn do voniM dv 0011* 
ibMOina ■Oouo anddMiiooo laiwonoD lotti orflur¥oct 
ponoli oriOi iObOfioco ond iMiiioo> 
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Flgure2. Logic diagiam tor enelyels mettwdology 
program. 
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Figuras. FaUgu* iMchanlca of cracka 
InHMing at cotintaraunk rivala. 
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FlgoraS. Fiactuta m ach an tcaanafyaaaof 
wuW l pla ma wacfca. 


Rntte alement method (3-D) 
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Figure 8. Streaa-lnlaiialty factora tor a aurtaea 

crack emanating from a aaml-clrcular notch. 



nguies. CompMaonof notmallnd JdtaMbutlonfor 
a WM iWrcular aurlace crack from EDI. 
VCCT, and force mathoda. 


Boundary tarca aMhod (»0) 







19-6 



Cycles 

(llMU«nd<) 

FIgurall. PredlcMdtetlgMenckgnMithtMhavlorfor 
an opan tmla HSO axpMmant 



OataM araund ongam 
eiack-ap 



FM araund pradletad 
naarcraek^lp 



MM cnea. Crack graartn, 

a| a 0.78 mm Aa • 14.48 mm 


FIguralZ Crack propagation by adapUva ranwaning 
using lbs IlnTls sls mo nt msiboil. 



I 

I 






STRUCTURAL AIRWORTHINESS OF AGING BOEING JET TRANSPORTS 


by 
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P.O.B. 3707 

Seattle, WA 98124-2207 
United States 


ABSTRACT 

Structural sarety is an evolutionary accomplishment, and atten¬ 
tion to detail design features is key to its achievement. A multi¬ 
tude of design considerations are involved in ensuring the struc¬ 
tural integrity of Boeing jet transports that have common design 
concepts validated by extensive analyses, tests, and three decades 
of service. The active service life of commercial airplanes has 
increased in recent years as a result of increasing costs and 
delivery limes for Heel replacements. As airplanes approach their 
design service objectives, the inciderK'cs of fatigue and corrosion 
may become widespread. Continuing airworthiness of the aging 
jet fleet require.sdiligent performance from the manufacturer, the 
airlines, and airworthiness authoniies. 

Boeing continually reviews reported service data and other first¬ 
hand information from customer airlines to promote safe and 
economical operation of their worldwide fleets. Standard prac¬ 
tices of ensuring continuing structural integrity include basic in¬ 
spection and overhaul recommendations contained in mainte¬ 
nance manuals and service bulletins. Aging fleet support includes 
timely development of supplemental stnictural inspection docu¬ 
ments applicable to selected older airplanes, teardown inspec¬ 
tions of high-iime airframes retired from service, fatigue testing 
of older airframes and structural surveys of more than IOC) 
airplanes operated throughout the world. Lessons learned from 
these activities are incorporated in service bulletin recommenda¬ 
tions. production tine modiftcalions. and design manual updates. 
Structural maintenance is a cornerstone of continuing safety in 
commercial air transports. Aging fleet concerns have focused 
unprecedented industry attention on additional requirements and 
maintenance actions to ensure continued safety. These are fo¬ 
cused on mandatory modification rather than continued inspec¬ 
tion: development of improved mandatory corrosion prevention 
and control programs; consolidation of basic mainienarK'e pro¬ 
grams; updates of supplemental structural inspection programs; 
and development of guidelines to determine the adequac) of 
structural nepatn. These preventive maintenance recommenda¬ 
tions will enhaiKe continued safe operation of aging jet transports 
until their retirement from service-Virtually all commervial air¬ 
plane mamifactuiers arc involved in similar programs. 

BACMbROUND 

Diligent attention to detail design, manufacturing. maintenaiKe. 
and inspection procedures of the last three decades have produced 
long-life duiu^-Kdervtt a tr ti cnire s with acredible safety record. 
a.s shown in Figure t . TTie prit w y came of hull loss acektents is 
atthbuied to human facMn and weather with about 10 % coupled 
directly to the airplane. syMerm. or propulsion c om p onenta or 
how they were maintained. Approaimafety 3% of hull loss 
acetdents ate caused by airplane ^raewre Mhires. The system 
used to entnre die fleet of convnercial jet ti aw spo m is kept 
nyif^ saiiiy t hw agi i dtek service life has dace major partic i - 
pmis: the wwaftenwert, who design, MM. and support air- 
p l a s m in siykr,d»airtincs. which Qpefne.mspea m dimin- 
tain ite al ip l li t a a; and the a ir w unhin am authoritie>.whoamiB- 
twhrid m Biiu f l Mir ii « ^appcnve»edesitB. a nd p io nio a e airUne 
rnninMBancupa>fcrniui fce .Aii p la m n r rwfa t i i toj ik p ro dion 
d i l it tn i p u rtl ii i uM rr ofeach pada ipi w MidatysMiii. 

Boaiat jet eranapoitt are daai^iad MiK MNalbpelMpte (ane 
rec entt y ter me d dmiage-iolerani des^). Service experience 
wtdi fbtl-snfe desipM has worked well in tho usa nds of ernes 



Fiffu' e /. fiuH Loss Accident Rales—Worldw ide 
CommerciaUet Fleet 

where fatigue and other types of damage have been detected and 
repaired. The question debated, between industry experts is 
whether the fail-safe design practices used in the 1950s and I %0s 
arc adequate as these airplanes approach or exceed their original 
desi^ objectives. Figure 2. Boeing jets are designed for conser¬ 
vative night cycle and flight-hour objectives over a minimum 20 
years of economic operational service. There is no service limit 
to the damage-tolerant designed airptane struciuns, provided the 
necessary inspections are performed along vkiih timely repair 
and/or replacement of damaged structure or preventive modifica¬ 
tions. Operational efficiency i s affecied by the cost and frequency 
of repair. Structural durability may therefore limit the productive 
life the structure. 
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Figure 2. Boeing Commercial Jet Fleet Summary — 
January 1991 

TotVerifiarttoN 

It is impraciicaJ to conduct v c ri fi cteion testing for all critical 
loading conditions and portions of the airplane structioc. Arady- 
sis m e dto d s «id allowaMes verified by test «e th er ef or e used for 
airwordwtess ccitiftcuiion. Vcrificalian tests com p rise nrall 
l a bor m ory test yciwens ; large panels, major c o mp o n e n tt If prt - 
senru^ wii^ rwprnnm', md fuarii^ saucture; and futl>sca)e 
airfmnes. 

Full-scale static testing of new models is cowdiiciBd to ve r ify li mit 
toad <a riyiw g cipMiitysiMart«^ uiiWka ti tm mpMrcinwns.in 
additioi^fi^'scalefai^ac tests me condnemg as locate amasdiat 
riiay exMbhcifly fotigae ptvWerns. Thbidtows necessary aiadi- 
fkatioas of de^ls dM ntighi earty ciadtiaf aad to 
de m ons tr a te complimee widi fatigue design objectives. hiH- 
scale toifue tests are also usefol to develop md mify inspection 
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and tnainicnaiKC pruccdures. Fatigue lesis are nm intended lo 
dcinonsiraie “sate lile" limits of structures certitled us damage 
tolerant. ni>r are they an alternative to the inspections required lor 
continued sale operation ol aging airplanes. 

Testing ot nevs airplane structures does not incurpivate corrosion 
aiKlAir accidental damage that can accelerate fatigue cracking. 
Similar tests aa* conducted on older airframes to gain insight into 
the problems that might be c.spericnced on high-time airplanes 
u ith repairs and service-caused defects. Examsivc pressua' test¬ 
ing as corkiucted on 7.17 and 747 teardown airplanes to simulate 
the effects of additional flight cycles. The 7.17 test extended the 
pressure eye ling fn>m 5^.(MXIcycIesat reiifcmenilo 129.000 total 
cycles at lest completion. Figua* 1. The 747 test exierklcd the 
pressure cycling fn>m 20.000 service cycles to 40.000 total 
cycles. Figure 4. 



Figure .f Retired 737 Aft Fusehjfe Test Artivle 



Figure 4. Retired 747 Fuselage Test Article and New 
Model Test 


cracking at typical frame splices below the aft entry dour. A 
structural advisory was released to all operators, who subse¬ 
quently found similar cracks in the fleet. A serv ice bulletin has 
been released lo monitor and rectify the problem. 

The extended 747 fuselage testing produced timely additional 
data to dellne inspection requirements for airplanes operating 
beyond 20.000 full-pressure cycles. Some local cracking was 
detected in lap splices past lO.(XN) cycles. Service bulletins for 
these areas and some lltKtrheams and fuselage frames will be 
issued in 1991. The teardown of the 747 test fuselage is now in 
progress, after which all test results will be assessed for appropri¬ 
ate follow-on licet actions. 

To suf^lemcni airframe testing, iw o gencnc pressure test fixtures 
were fabricated in 19S9. One fixture has a radius of curvature of 
74 in (1.9m) to match narrow-body 727. 717. and 151 airplanes. 
The other has a radius of 127 in 1 1.2m) lo match the widelxxiy 
747.767. and 777 airplanes, as show n in Figure 5 . Removable test 
sections are inserted in u cutout in these lest fixtures and can be 
used for fatigue, fatigue crack growth, or residual strength tests. 
Tests are ctmducted under pressure loading only, using air as the 
pressuri/ing medium. Where appropriate, one crack will he 
inserted in the test article at a lime, and repaired before conducting 
addiiiiHial tests. 

Test sections are mixieled using finite element techniques, and 
analysis results are compared with a comprehensive set of 
strain gauge and crack opening displacement measuremenis. The 
structural modeling of crack behavior is refined, as necessary, to 
pnivide a validated I(h>I for future commercial airplane design. 
Comparisons of the sirevs output from initial investigations w ith 
the results of the test panel experimental program have shown 
good correlation, as show n in Figure 6. The initial investigations 
are now being refined lodeicrmine ihecffeci of crack liK'aiion and 
trajectory and material nonlinearity on the residual strength of the 
test panels. An effort is being made to predict the irajctlory of 
cracks that form along fastener lines, as shown in Figure 7. 



The 717 test revealed no major new economic- or safeiy-ielaied 
fatigue findings. The sinicture was tom down at test conclusion 
and examined in detail. The most si^ficant new finding was 


Figure 6. Test Panel Stress Comparison for Crack 

Midhay Betw een Stringers — 14-in Longitudi¬ 
nal Skin Crack 



Figure 5. Namm Ml WUetudf Fnelage Test Fixates arid Tea Fmel Wish Se^e Decampressim of IS <ii (50 cm) 
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Teardown Inspections 

Inuddiiion to supporting the insersice fleet. Boeine husinsiiiuied 
j number of other eflorts loguininorc insight into the present and 
future behavior of aging sinH'tures. Figure K. Such efforts irK'iude 
extensive tcardowns and inspeeticui of models 7(t7 and 727 
retired from service to determine if any previously unknown or 
tindetecuibie damage may be starting to develop. These programs 
started in 1%.^ and continued through the late IV7fK. In vwie 
cases, tcardown findings have led to design changes, service 
hu!leiins, ami even airworthiness directives. In general the find¬ 
ings have contmned previously known or anticipated behavior 
and have added confidence m both the structures artd matnie- 
riiince programs scheduled lor completion in I’WI. 



f-iiturv H Fleet Supfuu t Activities 

A 71? with .Sy.OtKI flights accumulated during IK years of service 
w as vlamaged bey ond ecomvmic repair m late I'Wb and purchased 
hv Boeing for pressure testing of the aft fuselage secticn and 
leardow n of the total airframe. Figure V. inspected structure was 
fimrKl in gixid condition with little corrosion and with most 
discrepancies in previously known pn>blem areas. While of no 
immediate safety concern, some new findings emerged that have 
been cotrected in subsequent dcnvaiives and retrofit kits. A 747 
retired from service m WHK with over 20.(*10 service Bights has 
been disassembled f<*r detailed wing and empennage inspeclums 
w ith no significant findings requiring fleet actions The fuselage 
IS currently being inspected after completion of cyclic pressure 
testing in late IMdO. 

Fleet Support Actioiis 

Fot each new airplane model introduced in the I'nifcd States, the 
airline operators, the Federal Aviation Adminisiratiort (FAAt. 



fiiture 9. 7.i7 Strut rural Teardown of 737 Wm.?, 
Empeuuiitie. and Forw ard Fuselat;e 


and the manufaciurer collatKvrate to establish an initial ba.selinc 
structural inspection and maintenance program. TwodtKumenis 
are typically developed as pan of this program: the Maintenance 
Review Board (MRB) document that defines maintenance re¬ 
quirements and a Maintenance Planning Document (MPD) that 
suggests means and procedures for complying with those require¬ 
ments- The MPD is frequently adopted in total by the airline, ai 
least uwd sufiiciem experience is gained to warrant piogram 
mixlificaiitm that is compatible with its specific operating envi¬ 
ronment and usage. It is accepted that the airline has the best 
know ledge of panicular needs to maintain the integrity of its fleet 
of airplanes. Boeing has in place a number of programs, listed in 
Figun.’ Ml. that help support the operation of commercial jet 
transports and promote a high level of airworthiness in the fleet. 
Inevitably, structural discrepancies are discovered during inspec¬ 
tion and maintenance, and wellnklined procedures exist to 
handle these prt^lems wherever in the wi>rld they occur. In the 
finited States they are reported to the manufacturer and/or the 
F.A A. The manufac turer in turn informs all operators lodeiermine 
if other operators have experienced similar problems, in many 
cases, the manufacturer will make a design change in production 
and/or issue a service bulletin that describes the problem and 
backgnHJnd and suggests means of corrective action for aircraft 
m service. For the majority of problems there is no safety Issue 
and therefore ito requirement for the operator to follow the service 
bulleiin recommendations. However, for economic reasons, many 
«>peraiors do follow them. ?ilhcr by inspection or terminating 
modincaiion action. 

If the problem has a possible elTcct i>n safety, the FAA will 
consult with the inunufacturer and is.sue an airworthiness direc¬ 
tive (AD) that mandates cither the corrective actions listed in the 
servKC bulletin or an FAA-approved alternative. Typically only 
Will become the subject of AE>s that u.suall> are adopted by 
other airworthiness authorities. 

These cotvpcrativc efforts between operator, manufacturer, 
and the authorities to maintain knowledge of aircraft fleet 


I Fleet Suppori PTOgrams "} 
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performance and lo take the appropriate action enhance contin¬ 
ued fleet safety. 

SupplcmMlal Fatigue laspectioBS 

During the mid- and late 1970s. some airplanes of the jet 
transport ileets began to approach their original service goals in 
night-hours and flight cycles. The need was recognized for 
additional directed inspections it) supplement existing mainte¬ 
nance actions to monitor high-time airplanes for the potemiai 
onset of fatigue damage with increasing age. 

A collaborative effort between the ntanufaciurers. airlines, and 
the airworthiness authorities resulted in supplemental strxictural 
inspection documents (SSID). For each airplane model, approxi¬ 
mately SO principal structural elerrtents were selected for moni¬ 
toring. No test or service fatigue damage had been experienced 
in any of these areas; their selection wav based o: 'he (lotential 
consequences of undetected cracking. 

These SSI Ds for the 707.727.7.17. and 747 arc mandatory, apply 
lo high-lime airplanes at specific thresholds, require specified 
repeal inspections, ar ! have been in place forapproximaiety 10 
years. Figure 11. Ifai,, ' image is found, the appropriate correc¬ 
tive action is taken through release of an AO-mandaied serv ice 
bulletin applicable to all airplanes of the affected model. Periudic 
reports arc provided to the manufacturers and airworthiness 
author<''es regarding findings and ihcir disposition. 
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F i^ure 11 Supplemental Strut tural Inspet tion 
Prrtjirams 


FLEET SURVEY PROGRAMS 

Reported service data and r^her firsthand infnrmaiinn from 
customer airlines are continually reviewed to promote ici'. ;id 
economic operation of the worldwide fleet. As a result of increas¬ 
ing costs and delivery times for airfdane rept a cemenis. the active 
service usage for commercial airpttfies has gradually been ex 
tended. The average age of the world airline jet t rans port fleet ha.s 
increased from 8 to 12 years over the last 10 years. This upward 
trend in airplane operating is likely to continue. Boeing 
design goals have traditiotially been established for a conserva¬ 
tive mimber of fhehts over a 2(Vye«- period This timeffMne 
seemed more thvi adequate in the I %0s to carry these airplanes 
throughout their pas.senger<uTying ye«s. Today there are more 
than 1.000 Boemg airplanes around die worM that «e over 20 
years okk and this number will double by 1995. Approximateiy 
1.V) Boeing airplanes had reached their design flight cycle ^uds 
in 1990. and diis number wilt mcrease to about 500 by 1995. 
lepteseming about 10% of the active Boeing fleet. Rgure 12. 
Recognizing this trend. Boeing implemented a 
new progr.'Hii to heifer u nde rsta nd the condition of older air- 
pl an es . The Aging Fleet ^rvey Progr am was developed durmg 
1906 and im pl ein c n i ed in early 1987. The successor die progrwn 



Year 

Figure 12. Prnjei teii Number tff Boeing Airplanes 
Exceeding Design Goal in Flights 

resulted in expansion to include new production airplane models 
such as the 717-300. 757. and 767. some of which have already 
seen K years «l service. By reviewing the structural and systems 
performance of these airplanes during their early and maturing 
years, it is believed that Boeing and the operators can take the 
right acikms lo preclude the majority of aging fleet problems 10 
years or so from now. 

The specific objcriives of these surveys are: 

• MiMlels 707. 727. 737. ami 747: 

• Gain an engineering assessment of the condition of older 
airplanes with emphasis on structures and systems. 

• Observe the effectiveness of Boeing corrosion prevention 
features and other corrosion control actions !i‘t en by 
operatiKs. 

• 'cquire additional fleet data to improve maintenance 
recommendations and design of new airplanes, 

♦ Models 7.37..30(t. 757. and 767; 

• Avoid large-scale aging fleet problems beyond design 
service objectives. 

• Gaia an ca/ly ideniincation of problems experienced in 
service, paiticularly for new model features. 

Survey Procedures 

Boeing survey teams are dispatched to observe airplanes df-mg 
scheduled heavy maintenance checks. Six experience- .%ituc- 
tures. systems. mainienarKc. and service engineers record their 
observations in survey documents covering up to .350 structure 
and 150 systems iu ms, Typically. 70% of the items are surveyed 
since accevs is not available to all areas during the visit. Each 
survey includes a review of airline practices regarding airplane 
use. maintenance program, and dispatch reliability The operator^ 
are briefed by the teams on their findings. 

Airline acceptance uf the program and cooperation with Boeing 
has been positive. Observing a significant number of airplanes in 
a variety of operating and climatic environments around the 
world provides a composite sample uf each model and a better 
understanding of common and unique as|..v.ts within and be¬ 
tween model Heels As of March 1991 122 airplanes owned by 
67 operators have been visited in 33 countries around the world. 
Figure ! 3. Although the number of airplanes observed is a small 
percentage of the tnial fleet, it does represent about 15% of the 
high-lime airplanes. 

AH signinctmt lindings pertaining to a specific visit are recorded 
and assigned to appropriate organizations for necessary fleet 
action. The collected data have been pocHed for fle« evaluations 
to determine if there are trends requiring additional actions by 
Boeing and/or the operators. A number of detailed action items 
have resulted from the surveys, and their applic^ltiy has been 
reviewed across all Boeing models. To ensure anonymity, all 
idemifiable oprrator/airplane data are treated a.s confidential 

Sarvey Flndhigs 

Hris section focuses on some u: the significant findings that rel^ite 
to airplane structures and systems. Considerable variation has 
be-*m observed in both airplsie conditiori otid airim mamtenteire 
procedures, such as iaspeciion imervab and conosion prevention 
meames. 'Hie condition of the siructuie was gmerally good but 
considerabfy below expecMiom in a few cases. The following 
fmdir^ un worthy of note to inustrate observed variations: 
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Fi\iure 13. Btteuift Fleet Sun ey Program Participants anti Airplane Miniel Survey Distribution 


* The incidence and extent of discrepancies, paniculariy 
corrosion, were more than would be expected on well* 
maintained airplanes. There is evidence that repair action 
was rtoi taken in a timely manner. As a consequence, repair 
action wa.s sometimes extensive artd very time consuming. 
Figure 14. Many operators anticipate this likelihood and 
plan considerable corrosion-related repair activity at ma¬ 
jor maintenance visits. There is a general acceptance that 
airplanes typically require increa.sed maintenarKeactivity 
with age. and many operators have elected to shorten 
maintenance intervals. 

Corrosio'* prevention arxl control measures must be ag¬ 
gressively pursued both to reduce the need for extensive 
repair and to promote continued airworthiness. New 
mandated corrosion controls and prevention progrants 
developed in c<x>peraiion with airline working groups will 
enhance future condition of aging airplartes. 

• Most observed fatigue cracking was previously known 
artd action already identiHed to the operators by means 
of service bulletins. While a few new fatigue 
problems were identified, none were of immediate safciy- 
of-fiight coiKcms. 

• The accomplishment of service bulletin action varies with 
airline maintenance practices and ranges from 20^ to 

. Service bulletins often give aiiemaiive compliance 
procedures in the form of repair or additional inspections, 
it was observed that airlines frequently chose the <^ion to 
continue inspection raihenhan perform the specified repair 
action that would permit a return to normal maintenance 
inspection procedures and intervals. Mandatory service 
bulletin modification programs have been developed by 
industry task forces for aging Boeing models. 

* There is concern over the number of repairs found in close 
proximity on some airplanes. 77)6 damage tolerance of the 
structure may be impaired in such circumsiartces even 
though each repair may be satisfactory in isolation. Incom¬ 
plete removal of corrosion damage during repair is also 
frequently encountered. Unles.s extreme eve is taken 
during corrosion removal, it is mev liable that the j»obiem 
will recur. 

A number of airplanes were found with improper modifi- 
cations or repairs. Examples include excessive use of blind 
rivets and improper rivet patterns in primary structure. 
Recent industry task force activities have leMlied in 



industrywide procedures for classifications of repair to 
ensure continued airwonhine.ss by prompt actions depend¬ 
ing on repair ciaumstances. 

• Some airplanes subject to short-term changes of owner/ 
operator do not appear to receive adequate maintenance. 
Lack of continuity in maintenance seems particularly 
prevalent for lea.sed airplanes. With the steady increa.se in 
leased airplanes in worldw.’ide service, the average condi- 
ii<m of the fleet could worsen unles.s steps are taken to 
ensure that these airplanes receive the required levels of 
maintenance. Adoption of the previous operator's mainte¬ 
nance program, which is often the case, may not always be 
appropriate, particularly if there are significant differences 
in the type of operation. Consolidated maintenance 
recommendations tailored to aging airplanes are 
currently underdevelopment in concert with industry task 
foree initiatives. 

• Observed airplane systems generally appear to be in good 
to serviceable condition. However, portions of some sys¬ 
tems. especially those where performance of function is 
not dispatch critical, were observed to be in unsatisfactory 
condition. Similar discrepancies were reported on a num¬ 
ber of surveys, and it was obv ious that these discrepancies 
existed for a long period of time. 
Significantcorrosionofsystemcomponents was limited to 
cmitrol system cables passing under or near lavatories. 
Minor corrosion, which had no effect on component per¬ 
formance. was found on some accumulator cylinders and 
landing gear hydraulic components. 

The fleet survey program is continuing with .70 airplanes ob¬ 
served in 1990. Recent findings indicate the condition of the 
airplanes generally is good and that they are receiving adequate 
and conscientious maintenance. Most discrepancies noted by the 
Boeing teams had already been recorded by the operator and 
corrective action was underway. Recent surveys have confirmed 
our belief that the aviation industry is more aware of the necessity 
of applying timely corrosion contnri and installing well-engi¬ 
neered repairs and. generally, has a more heightened awareness 
relalive to sound maintenance practices. 

INDUSTRY AGING FLEET INITIATIVES 


While aging aircraft is.sue5 have been the subject of considerable 
attention by industry and government for years, the 19811 explo¬ 
sive decompression of a 737 focused public attention on older 



Figurt 14. FIrti Surrey Cnrmaitm Findings on Fuselage Lower Lobe and Rear Spar Details 
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airpluDos us never hefnre. As with any other accident, ii was the 
result of a combination of factors including design, inspection, 
and maintenance. B(K‘ing had recognized the design problem for 
early model 737 airplanes and provided service information to 
their operators based sm\ recent findings which would ntwmaUy 
have been adequate to maintain safety. The FAA alsoiecognized 
the importance of this problem, and issued an AD making 
compliance with this service information mandatory. The airline 
claimed compliance with the AD and all the criteria of "properly 
designed, inspected, and maintained" had seemingly been met. 
yet the accident still happened. 

Aging tleet cortcems have resulted in both specific Boeing 
initiatives and joint industry, airline, and airworthiness authority 
actions. Boeing formed a special Corrosion Ta.sk Force and held 
meetings with airline maintenance executives as a result of fleet 
survey findings described above. A conference on aging air¬ 
planes was held in Washington. D.C.. in June I98K that resulted 
in specific recommendations by the airlines and manufacturers. 
These recommendaiioi is included the establishnriem of aSieering 
Committee toguide the international aviation community actions 
with regard to aging aircraft. This Steering Committee is com¬ 
posed of manufacturers, operators, and regulatory authorities. 
This combined activity represents the Airworthiness Assurance 
Task Force (A ATF) that is organized and run by the AirTranspori 
Association (ATA). 

The ATA. in concert with the Aerospace Industries As.sociation 
(AIA). is managing AATFactivities since responsibility for safe 
design, operation, and maintenance rests with each manufacturer 
and airline. The FAA and other major airworthiness authorities 
serve as guardians of aviation safety, monitoring the 
manufacturer's or airline's performance through inspections, 
providing uniform standards and guidance, and ensuring ctunpli- 
unce through specific enforcement programs. While these agen¬ 
cies are directly Involved in the Task Force, both from the design 
and maintenance standpoints, and is accountable for mandatory 
changes, the final responsibility for safety lies with the manufac¬ 
turers and airlines. 

The AATF charter is to devel<^ all measures considered neces¬ 
sary to augment the existing system and ensure the continuing 
safely of aging aitpianes. To accomplish this objective, the AATF 
sponsored industrywide Structures Working Croups for each 
airplane model in service. These working groups have five major 
tasks, as shown in Figure IS: 

• Review existing service bulletins and propose mandatory 
terminating modifleations to replace continuing inspec¬ 
tion options. 

• Develop mandatory corrosion prevention and control 
programs for each model. 

• Update the supplemental structural inspection programs 
for detection of new fatigue damage locations In fleet 
leader airplanes. 

• Provide industrywide guidelines for repair evaluations 
and corrective actions to ensure continued damage 
tolerance. 

• Develop guidelines for establishing specific aging air¬ 
plane maintenance requiiements. 

The Boeing working groups were formed in August 1988. Forma¬ 
tion of the DougU-s and Airbus. Convair. Fokker, and British 



Figure /5. Strmcnets WoHdng Groi^ Tasks 


Aemspocc working groups followed shortly thereafter. For each 
Boeing model, the working groups comprised representatives 
from apprttximaiely a dozen airlines around the world. Boeing 
^^lecialists. and observers from the FAA and the Australian and 
British civil aviation authorities. The selected airline members 
operate a high percentage of the older models in their fleets. For 
example, the 727 is represented by 11 airlines who operate 923 of 
1.766 airplanes in service today. The industry working groups 
have crmiinually demonstrated a cooperative determination to 
make the right things happen—within models, across models, 
and throughout the industry. There have been impressive accom¬ 
plishments on the Boeing models as described below. 

Service Bulletin Reviews 

As airplanes age. the incidence of fatigue increases and corrosion 
becomes more widespread. Problems are often addres.sed in 
isolation during the early service use of airplanes. With age. two 
or more problems in an area may degrade airplane structural fai I- 
safecapability. This increases the need to incorporate preventive 
modificatimis in areas with known problems. The criteria for 
selection of service bulletins for high-lime airplane moditicalion 
are based on considerations such as safety problem potential, high 
prm>Bbiliiy occurrence, and dilTiculiy of inspection. 

Acandidate list of service bulletins was established by Boeing as 
a baseline after a thorough review of those applicable to long¬ 
term operation. These service bulletins were reviewed by the 
respective working groups for recommended terminating 
actions. The thresholds for these mandated repairs and modifica¬ 
tions were typically selected as the design objective in flight 
cycles for fatigue-related problems. Earlier calendar lime thresh¬ 
olds were necessary for items driven by corrosion or stress 
cofTosi(Mt considerations. Figure 16 shows the resulting service 
bulletins for which mandatory modifications are recommended. 
These selections were guided by a rating system developed by 
woricing group members to refleci their own experience. 



Svudufes Working Groups R»commendaiK>ns 0ngina)/l990 

Figure It. Recommended Mandatory Service Bulletin 
Modifications 

Using the 727 as an example. I I3candidaie service bulletins were 
reviewed in detail. The working group initially selected 74 bul¬ 
letins for mandatory irtodification action. Another 16 were se¬ 
lected to receive more stringent inspection requirements. Com¬ 
pliance involves a major investment in operator resources—ap¬ 
proximately 22.000 man-hours for each of the early production 
line airplanes, as shown in Figure 17. Later airplanes, particularly 
after line position 735, incorporated many of the changes during 
production, and therefore require signiflcantly less modification. 
CompliaiKe is required when the airplane is 20 years old or 
reaches 60.000 flight cycles. About940model727airiHaneswiU 
require partial or complete modiflcaiion before March 1994. 
Sunilar comminnents will be required for other Boeii^ models. 



Figwe 17.727 Service Bidl^m Mod^ication Effort for 
Airplanes Exceeding tOjOOO Flights 
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Aging fleet service bulletin summary documents were released in 
19H9 lix each model formali/ing .Structures Working Group 
(SWG) recommendations for mandate'. modincaiions or in¬ 
spections. The details of each mcxliricationor inspection and the 
affected airplanes are described in applicable service bullclins- 
The summaiy documents serve as a record of SWG recommen¬ 
dations and as a reference for the airworthiness directive actions. 
A irwixthiness directives were issued in 1990 forirtcorporaiiiin of 
structural modifications listed in these doc'umenis upon reaching 
the thresholds specified or generally within 4 years after the 
effective dale of the AD. whichever ixcurs later. Annual reviews 
arc conducted to update the existing program arnl evaluate any 
new candidate service bulletins released slrxe the lust SWG 
review. The llrsi annual servitx* bulletin review theid in June 
through .August 1990) resulted in 16 new (ntxlificaiion recom¬ 
mendations. After each anr>i':tl review it is aniicrpaicd that sepa¬ 
rate airworthiness directives will he issued against rrew- recom¬ 
mended actions contained in updated summary documents 
Corrosion Prevention and Control Programs 
While corrosion has always been recogni/cd as a major factor in 
airplane maintenance, each airline has addressed ii differently 
according to its operating environment and perceiverl needs. 
Manufaciurcrs have published corrosion prevent ion manuals and 
guidelines to assist the operators, hut until now there have never 
been mandatory corrosion control programs. 

In the late I97<K. when Boeing was developing fatiguc-ielatcd 
SSIDs. a basic assumption was made that the existing af^rovesi 
maintenance programs were controlling corrosion K‘low levels 
that could affect airworthiness. Therefore, the resulting SSID 
programs centered around controlling the anticipated increase in 
fatigue damage that would occuras the fleet aged. However, the 
Boeing Heet surveys revealed that some operators dtd not uiili/e 
proven or effective corrosion prevention mea.sufcs, in addition, 
sottie instances of very severe corrosion were observed reflecting 
improper or dclaye<J prevention and repair actions. 

It became apparent that without effective corrositm control pro¬ 
grams. the frequency and severity of corrosion were incteasing 
with airplane age and. as such, corrosion was more likely to be 
associated with <Kher forms of damage such as fatigue cracking. 
This, if allowed to continue, could lead to an un*’.cetxablc 
degradation of structural integnty. and in an extreme instance, 
(he loss of an airplane. As a result. Boeing formed an 
inhouse Corrosion Task Force in 19KK and the AATF chanered 
the SWG to develop mandatory corrosion prevention and 
control programs. 

The Boeing Corrosion Task Force reviewed all Boeing sources of 
informatiiHi related to known corrosion problems. All problems 
relating to principal structural elements (PSEi were retained and 
segregated into selected general areas on the basis of having 
similar comision exposure characteristics and/or common in¬ 
spection access requirements. Figure 18. Problems found to be 
significant in relation to continuing airworthiness were included 
in (he program as specific tasks unless already covered by an 
existing airworthiness directive. It was recognized that conwion 
growth rates varied widely and it would he unduly conservative 
to establish a program based on the most severe operating envi¬ 
ronment. Therefore, (he approach taken was todevelopa baseline 
program that represented minimum requirements for typicai 
operators. Individual operators who wouldexpertencesignificMW 
corrosion afler applying (he ba.seline program must then modify 
or improve their program. The Boeing Corrosion Task Rxee 
developed a proposal for the baseline program based on existing 
rccommendatioos. modified by current experience and knowl¬ 
edge gained by their review of available data. 
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figure /S. Corrosion Program Arras 


T!m; working groups have recognized the need for a universal 
baseline minimum corrosion control program for all airplanes to 
prevent corrosion from affecting airworthiness. Furthermore, 
they are working toward maximum commtxiality of a^^roach 
wiihinandbetwecneachmanufacturer's models toensure consis¬ 
tent and effective prixredurcs throughout the world. 

The Btxing programs were developed first and presented to the 
FAA in late I9S9. and model-specific ADs were leleased by the 
end of I99B. Meanwhile industrywide working groups arc con¬ 
ferring to ensure a common approach is achieved in both the 
mandatory and advi54Xy (guideline) parts of the implementing 
documents. The program requirements apply to all airplanes that 
have reached ix exceeded the specified implementation age 
threshold for each airplane area. The specific intervals and 
thresholds vary between mixJels. but all programs fellow the 
same basic philosophy and typically contain the following: 

* External and internal inspections of alt aiipiane structural 
areas are required at specified implementation times and 
repeal intervals. The program will require major ivpening 
up of the sinicture at these inspections. Figure 19 illus¬ 
trates the required access to the 727 fu.selage). It further 
details preventative measures including repair action 
and assurance that drain paths arc clear, protective 
finishes are reapplied, and corrosion inhibiting compounds 
arc applied 


Fuselage external 



Fi}{ure /9. 727 Corrosion Contn>\ Program Example 

• CiMTOsinn damage must be controlled between maintr- 
narK'e visits to acceptable minimums that will not ad¬ 
versely affect saleiy. The ba.selinc program must he ad¬ 
justed if necessary to achieve this standard. 

• All cases of corrosion exceeding the minimum level must 
be repixled. with particular emphasis on corrosion that 
raises an immediate safety concern. This will enable rapid 
response throughout the Meets to inspect and correct any 
potential problems. 

• intervals and implementation thresholds arc based on 
area- and model-specinc calendar limes. Figure 20. 

• The maximum period for implementing the program 
fleetwide in a given structural area is one repeat interval 
(not to exceed 6 years if over 20 years of tge and a 
minimum rate equivalent to one airplane per year). 

Many operators are already incorporating several corrosion pro¬ 
gram features in (heir currem heavy maintenance visits or when 
accomplishing the service bulletin modifieation described ear¬ 
lier. Such preimplemeniaiion provides valuable early feedback 
about the effectiveness of the program and further demonstrates 
the operators' responsiveness and comminnent to the true sfnrh of 
safety. Boeing has also initiated extensive training progr am s that 
will he avilable to airline and airworthines.s authorities personnel 
alike to ensure efneient corrosion prevention and control pro¬ 
gram implementation. 

Sw p pi eag ii t al InspcctkM P ro fraa i Reviews 

SSIDs were mHially released betw een 1979 and 1983 for modeK 
707. 721. 737. and 747. Their purpose was K> ensure c omi nn ed 
s^e operation of the aging fleet by timely detection of new forifue 
dmnage locations. These documenu have been updated on a 
regular bests to reflect service experience and operuior inpiiis. In 
the 1^ of xvmm agh^ fleet concerns, the AATT tfiiecled the 


i 

i 


) 





i 









20-8 


I 

r 

j 

t 





■i 


Qerteral area 

707/720 

727 

737 

747 __ I 

Threshold 

Repeat 

Threshold 

Repeat 

Threshold 

Rre^^t 

Threshold 

Repere 


Ouler-ext^nal 

10 

4 

10 

5 

8 

4 

10 

2 

o» 

Leading edge inter»or 

6 

2/4 

10 

5 

8 

4 

6 

1.5 


Outer-main box-interior 

10 

8 

10 

10 

10 

10 

20 

10 


Trading edge interior 

8 

2/4 

10 

5 

8 

2 

10 

2 


Center section interior 

10 

8 

10 

6 

10 

8 

20 

10 


External (including doors 

6 

2 

6 

15 

5/B 

1.5/2 

10 upper 

5 upper 


and landing gear bays) 







5 lower 

2 lower 


Rightcrew compartment 

10 

8 

10 

8 

10 

8 

15 
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Uf^)erlobe interior 

8 

8 

10 

8 

8 

8 

15 

8 

8 

Lower lobe interior 

6 

6 

6 

6 

6 

5 

6 

6 

£ 

^except bilge) 










Lower lobe - bilge 

6 

3 

6 

3 

6 

2/4 

6 
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Section 48 interior 

10 

5 

10 

5 

B 

4 

10 
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External surfaces 

10 

214 

10 

2 

10 

2 

10 

5 

if 

Leading edges 

10 

8 

10 

8 

10 

6 

15 

8 

iS 

Mairv box interiors 

10 

8 

10 

8 

10 

5 

15 

8 

5S 

Trailing edges 

10 

8 

10 

4 

10 

5 

10 

5 

(D 

Center section 

10 

5 

10 

5 

8 

4 

10 

8 


Center engine inlet duct 



10 

8 





Nose and main landing gear 

Landing gt 

ar overhaul 

Landing gt 

ar overhaul 

LafKiinQ ge 

ir overhaul 

Larxting ge 

ir overhaul 

Powerplant and strut 

4 

2 

5 

2 

5 

S 

7/15 

3/15 


Mole Some specific aieas/ilems within the general areas have independent thresholds and repeat miervals 


Figure 20. Corrosion Inspection Thresholds and Inspection interval. Years 


SWGs (o review these inspection programs to ensure aderiuate 
protection of the aging fleet. The major focus of these reviews 
conducted during 1989 and 1990 was: 

• Adequacy of the present Heel leader sampling. 

• Irtciusion/deletionofPSEs. 

The initial candidate fleet leader samples comprised those air¬ 
planes exceeding 50% of the design ofjbective in flight cycles 
when the typical fleet leader reached 15%. These criteria resulted 
in 450 model 727, 123 model 737, and 117 model 747 subject to 
SSID compliance. Boeing periodically reviews the candidate air¬ 
plane list for any signiflcant changes in fleet distribution, 
composition, or utilization. To date, only minor changes have 
occurred in the active candidate airplane fleets, although some 
non-carxJidate aiiplanes with higher flight cycles have overtaken 
candidate airplanes. 

Some PSEs were not included in the original SSID on the basis 
that damage would be obvious before safety was affected. A 
review of those items resulted in adding several items totheSSID, 
primarily some hidden wing structure previously deleted on the 
basis of fuel leaks to signify fatigue damage. 

Thin gauge fuselage structure was not included in the SSID on the 
basis of test and service evidence that akin cracks would turn at 
ftwK locaitons and result in a safe decompression: sec Figure 5. 
Consideration of aging fleet damage in adjacent bays prompted 
coveraj^ of thin gauge fuselage structure,0.056 inf t .4 mm) thidc 
or less for models 727 and 737. The 747 fuselage skins vme 
already iiKluded in the initial SSID because of thicker gauges. 
Much concern has been expressed recently regarding possible 
widespread fatigue cradcing. a phenomenon where a patch or 
group of multiple small cracks of varying sizes in adjacem holes 
simultaneously join to form a sir^le crack of longer combined 
length. This results in a substantially reduced rime f r im e to safely 
detect the crackinf. The SWG concurred that the SSIDs should 
itKlude considerations for structure susceptible to dial form of 
cracking with impropriate changes of danu^ detection periods 
and m sp ect k m intervals. 

The original SSIDs dlowed credit for detection opportunities 
based on secondrey cracking. Allowing detection credit for 
secondary dcm cra^ may be unconservative, especially if the 
majority of die detection credit were to be derived from external 
inspect io n of the Ain. Forexample.whenafuselafeframecracks 
the next crack may occur in die adjaoem frame tadter than in the 
Ain as wa a s su med. It was a yee d that the SSID ihould be 
reviewed a ndrev ii e d tooomat^ao ei dweirA er crackmg patterns 
wh sft v er they were lAaly taoeqa. 

Revisiflm to727,737. and 747 SSS3t will be isaved by mid-1991 
and indaria diMgea to appnnbiMtely 10 nitiuaral 

Items (breach model. Hie SSOXbr model 707 wmOrstreteaead 


in 1979 and therefore provides less sophisiicated inspection 
options. However, the basic information and approach are similar 
to those for later models. Revisions to this SSID that incwporaie 
service bulletins for area.s with known fatigue cracking will also 
be completed in 1991. 

Stnidnrsl Eepdir Asscssnents 

Inevitably, airplutes accumulate repairs. For each model, struc¬ 
tural repair manuals (SRM) assist the operator in ensuring that 
typical repair action maintains the airframe structural integrity. 
Other larger repairs are handled by individually prepared and 
approved engineering drawings. Traditionally, these repairs have 
primarily focused on static siiength and fail-safe aspects of the 
structure after repair, with coimnon sense attention to durability 
consideraiiom. For several years, however, (here has been an 
additional emphasis on the need for stniciures to be damage 
tolerant. Achieving dunage tolerance demands knowledge of 
potentially critical structural elements, an understanding of damage 
growth and critical size, and an inspection program to ensure 
timely detection. 

Repairs may affect damage tolerance in different ways. An 
external repair patch on the fuselage cm hide primary structure to 
an extent that suppl e m en tal inspections may be required, as 
shown in Figure 21. Other repairs may irtrerfere with obvious 
means of detecting damage such as Ain repairs on the lower wing 
with sealant that prevents fuel leakage. Repain located in low 
stress areas with slow crack growth rate can have damage toler¬ 
ance provided by existing maintenance. 



The objective of the SWO repair review pfoceu is » provide the 
aiilntes with a practical gttidafioeinateririO>**etiandainageic4- 
erance principles) that Akrws rqtaiR to be evaloMd by opemors 
wHhoM con^plex amdytes. This process is directed lowsid 
showing tfui an inualled repAr, wMA (naidies the ftreogdi red 
diirabiiity of dte origind sMcliire, is food dretrege Kileraiit Ifthe 
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SuopiiM oy Boe«ng GuiOelnes supplied lo operatoi 

Fitfure 22. Propo.Kei! Repair Assessmem UfjiU' 

irxisiing inspcciion program is adequate. The evaluations provide 
inspection requirements in terms of inspection methods, threshold, 
and repeat intervals and will be added to SRMs. 

()ncof the tasks in theSWG review' process isiocoordirtate with 
industry lo develop a common approach. After meetings with 
other manufacturers, industry agreement has been reached on 
categorization into four classes of repairs, as shown in Figure 22. 
Agreement has also been reached on a list of minimum required 
dau for classiftcaiion. A list of optional data (from existing 
records) that would give additional credit for repair quality has 
also been developed. A common survey form has been developed 
for operators to use recording the data needed to classify and 
assess repairs. 

The general procedure for establishing both inspection and re¬ 
placement thresholds is ba.sed on service history, test results, 
fatigue analyses, and design criteria. The goal is to present 
options in SRM tables and graphs. This will allow both the 
operator and manufacturer to determine inspection requirements 
fora large number of repairs in an efTKiem and consistent manner 
or if the repairs are unique and rmi covered by the SRM. The repair 
documentation would be sent to the manufacturer for evaluation 
if (he operator is not able lo apply the guidelines. 

Results from the working group activities are scheduled to be 
published in model-specific SRMs in late 1991. Once the guide¬ 
lines are approved, operators will he required to examine, clas¬ 
sify. and document repairs lo principal structural elements. In 
addition, operators will be required to deiermine and implemeiH 
supplemental inspections or other actions necessary to maintain 
structural integrity. Again, as a pro-active measure, many airlines 
are already documenting the location and details of existing 
repairs as they conduct routine maintenance. 

SCnKtiiral IVMaitinuicc Gutdettoes 
Modem transport category airpl«ies are designed lo meet con¬ 
tinuing airworthiness requirements indefinitely provided struc- 
niral integrity is maintained by effective mspection and correc¬ 
tive mainienance programs. C om pr e he n sive maintenance pro¬ 
gram guidelines that properly address okler airplanes do not exist. 
Supplemental structural inspection programs, for exarrq>le. only 
address fatigue cracking. Therefore, the AATF chartered an 
industry subcommittee to establish gukUnce material for devel¬ 
oping aging aircraft mainienarm programs in two parts, general 
and model-specific guidelines, shown in Figure 23. 

The general guidelines were developed by an mdustry laMt group 
and submitted to the AATF in June 1990. The general guidelines 
cover a wide range of generic topics related to the maintenance of 
aging akptanes. These topics include: 

• Escaiation cd* maint enan c e check iniervals. 


^ Rework o( repan may be required 



Figure 23. Aging Airplane Maintenance Program 
Development 


* Escalation of total scheduled downtime. 

* Increases in workload/manpower requirements. 

* Number of discrepancies between successive checks. 

* Expected trends in the ratio of nonroutinc to routine 
maintenance work. 

* Ducumentaiion. record keeping, and reporting. 

* Effects of changes in airplane utilization. 

* Qualificaiion and training of maintenance pers4>nnel 

* Maimeitance facilities and equipment. 

* Phasing of siniciural maintenance checks. 

* Samplii^ofageexploreiionasilrelatestottieagingneei. 

* Deferral of permanent stTuciural repairs. 

* Mainienance program change consideraiions. 

The model-specific guidelines provide information for establish¬ 
ing structural m a inie nan c e pi ugju i ts that meet or exceed the 
m wic te oty requirements for that particular model. They will be 
de veloped by the manufacturer and include all existing manda¬ 
tory requirements (including those resulting from aging fleet 
SWe activities) as well as other economically significant recom¬ 
mended mainienance actions. The iment is to provide operators 
with a sii^le comprehensive source that references all significant 
maintenance recommendatiom. The cunera schedule is to have 
the model;Specific stracttira) ma inte na nce program guidelmes 
c om pleted by the end of 1991. 

FOCUS ON THE FimiRE 

A better un d er s tan d i iy of how airplanes withstand the rigors of 
kmg-i e fm use wiM help future g ener atiows of c o mmer c ial air- 
planes to be safer and less rea ime nan ce-imenstve widi age. Just 
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as today’s airplanes have benefited from previous lessons learned, 
so must the knowledge and experience gained from today’s 
effons be used to improve the quality and performance of future 
airplanes. There will certainly be even more empha.s(.s during 
design and construction on reducing the potential for corrosion. 
Specific design goals include improved corrosion*ftsistain al¬ 
loys and finishes, improved sealing and drainage, and increased 
attention to accessibility and inspecubitity. These goals rank 
equally with strength, damage (<'t<‘rance. durability, and cost/ 
weight efficiency. 

Boeing has recently developed a comprehensive Corrosion Design 
Htmdbook reflecting fleet experience to provide the structural 
engineer with the same corrosion prevention expertise thtt pwal- 
tels methods used to develop producible, durable, and damage- 
tolerant siructure.s. Figure 24. Similarly, improved structural 
arrangements and concepts will enhance the inherent robustness 
aitd forgiveness of the structure, facilitate simpler repairs when 
damage occurs, and facilitate accessibility afkd irtspectsdulity. 
The knowledge gained in the past 3 years will idso enable better 
focus on the initial and continuing maintenance needs of new 
airplanes. In turn, this will allow the most effective and timely 
distribution of airline resources (o maintain their airplanes tndeft 
niiely to achieve continued safe artd ecorwmic (^ration. 



Figure 24. Structural Damage Technology 
OtKumentalion 


Final I y. the Fa A and other airworthiness authorities will be better 
prepared, informed, and trained aa they esud)lish sundards and 
monitor fleet performance. Thegrowingcommitfnentto**hands- 
on'* airplane monitoring will stnmgthen and cement the three- 
way partnership in structural safety avsurance. 

SUMMARY 

Boeing is dedicated to design and mwufacture safe commercial 
jet transports. The successful accompHshmeni of this responsibil¬ 
ity over the last three decades has contributed signifKaniiy to a 
position of industry leadership and neflccts the lop prioricy gtvot 
10 safety. This p^r illustrates the structural integrity assurance 
of commercial airplane structures b a serious dUciptined 
process. Figure 25. Nigh standards must be mamlained toensure 
the safety of aging airplanes until economics dictate their r^ire- 
meni. Standard Boeii^ practices to ensure coittinuii^ structural 
integrity include providing structural maintenance prograrm, 
corMinuous commanicalkm ttiroagh customer support services, 
and re c onunendarions for maintenance actiona through service 
letters, structural hem interim adviaoriet. and service bullelms. 





To help identify potential pre^ms associated with the ^ing jet 
transpon fleet. Boeing has implemented additional activities: 

* Supplemental structural in^wetion programs that require 
airlines to regularly inspect structurally significant }tem.v 
on selected older airplanes and report defects to Boeing for 
fnompt fleet action. 

* Teardown of older airframes to help ideniify corrosion and 
other strttctural service defects. 

* Fatigue testing of older airframes to determine structural 
behavior in the presence of service-induced problems .such 
as corrosion and repairs. 

* An engineering as.sessment of the condition of a represen¬ 
tative sample of older Boeing airplanes to observe effec* 
liveness of corrosion prevention features and acquire 
additional data that might improve maintenance recom¬ 
mendations to the operators. 

Aging fleet concerns have also resulted in joint industry, airlines, 
and airworthiness authority actions. Task forces consisting of 
representatives of airlines, Boeing, and the FAA have addres-sed 
the f(4lowing: 

* Selection of service bulletins for which struc tural modifi¬ 
cations should be made mandatory at some threshold. 

* Development of mandatory corrosion inspection, preven¬ 
tion. and repair programs. 

* Reviews of the supplemental structural inspection pro¬ 
grams for completeness and clarity. 

* Development of guidelines todetermine the damage toler¬ 
ance adequacy of structural repairs. 

* Development of comprehensive maintenance guidelines 
for older airplanes in the fleet. 

These initiatives have provided timely preventive structural 
maintenance recommendations and permit continued safe opera¬ 
tion of aging jet transports until their retirement from service. 
The design, construction, operation, and maintenance of air¬ 
planes take place in a changing and dynamic arena, with new 
technology, new needs, and new players. The structural safely 
sy^em may never be perfect, but has produced an enviable record 
andtheagir^ fleet initiatives will measuraMy improve that record. 
If the lessons being learned today by the manufacturers, the 
openiora. and the aulhoriiies are properly reflected in our next- 
generation airplanes, they should fly longer and safer with pro¬ 
gressive maintenMice that ensures continued structu*!! air¬ 
worthiness until retirement from service for economic reasons. 
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Introduction 

Good ... ladies and gentlemen. I am Squadron Leader Mike 
Render from die Royal Air Force currently serving in the Ministry 
of Defence in London. The presentation today on ‘Fatigue 
Mam^emertt in the Royal Air Force* is intended to give you an 
overview of how fatigue is maruged for all our airoraft fleets 
(see Figure !} Much of our fadgue management policy affects 
my colleegue • Squadron Leader John Stevens of the Mainte- 
nance Analyait and Computing IXvisioa at RAF Swanton Mor¬ 
iey • so we felt it only fair that he too should say a few words as 
part of this presentation. You wiU note that we use the Tornado 
aircraft as our main theme, relevant in diM ^ aircraft represents 
die largest proportion of die cigntal value of our inventory. 

Reasons for RAF Aircra ft Fiigue Mamgangni 


aircraft in service for much longer than was intended at the deagn 
stage. We cannot afford always to buy new ones and so we ke^ 
themoperationallyviablel^iqKiatingtheiravioDics. UsuaUyour 
aircraff are scrapped only when they nui out of fatigue life rather 
than when they become obsolescent. Fatigue management is 
therefore something that we are putting considerable effort into 
at present. 

Case Summary of Selecte d Fleets 

We can quote 3 exam^es of where we have failed to meet the 
objectives of our structural integrity policy. 

Firstly, the Buccaneer after the 2 catastro|duc accidents drout 10 
years ago the Buccaneer fleet was grounded for 6 months; one 
third of the fle^ was scrapped; and the technicians still face a 
massive pendty in the fonn of frequent dme-consoming inspec- 
dons of die structure. 


We set ourselves 3 objectives within the Royal Air Force for our 
aira^ft structural integrity policy (see Figure 
operatioiis as safe as is reaaonifoly possible; to ensure that the 
airaaft are available to the front line; and to minimise the costs 
to the United Kingdom taxp^rer. 

Let me just dwell on diese (fojectives to put diem in context for 
today's presentation. You win note diat they are inler-reli^ 

Safety 

Clearly, safety hat always been paramoonl and in peacetime we 
must M&wre to strict rales - not just on static s trength but on 
fatigue life too. Accordingly, our senior en gin eer, the Chief of 
LogisCics Support - or CL5(RAF) - hai a remit to asswe our 
Contrdler Aircraft dmt we in the RAF are ga a r an t e e i ng die 
aifw urt hin esa of our fleets. In turn. CLS d cl ^ a aes the ah worth- 
inen l eq ui r ero e n t to those who are cepiMe of mani^ittg the 
air wort hin e m of their fleet on a d^r to day bask. 


To feii to make aircraft availabk to the opentors at the feool fine 
If a ilwrtooinint which wt cannot lolarale. Qniieaptotfitoaidie 
cw t fi b flk y of RAP eogjaecn in tfto cy«a of owr airevew. it ia 
wiaamial. wife front fine jaii ooetii^ £25M (US S45M) apaece. 
that we mahi beat we of the Deienoc Bodgat 


Secondly, the Hawk: we are hsving to le-wing all the Hawks at 
onJy two thirds of the way through their designed life. Thatwill 
cost £S0 million widiout considenre die down-tiine of the fleet. 

Thinfly. the Tornado: there are some substantial fatigue-rdtfed 
modifications which were not bargained fr>r at the time of intro¬ 
duction. The total down tone for diese is over KlOwoiting days 
- that means that eveiy single Tornado will have qient a year on 
the hangar floor, om and shove the tmie spent on normal 
servicings - and that is before the aiicraft have reached one sixth 
of die way through their life. 


We have a tiered management structure Ibr the in q il ei nentatkm of 
policy (see Figure 3) At its peak, the Fixed Wing Structural 
lut a yi ^ Woikag Pai^. co ii sinai g of one-ear officers or their 
Gvfi Seivioe eqnivaleotB, dh e c t s the pofiqr on befedf cf 
CLSOtAF). At d» level below toe StiuctianI Integrity Working 
Oroupe • one fcr each arenft - in which the detailed dbenaeion 
on die imcttnl heaHi of die arenA ukee place. hielDdhig aB 
maOanfafeliBgtofedgne. lniiHB,theeeORMqitareaecooBiaMe 
to dto ooa-aiar cown u tt w . Specialist a O tn d eu at die Ofonp^ 
which are chaired by the MOD PMctaemenl Baecndve Pirpieel 
Office, aidadr die Deevt Aalbarity: die SippDft or Engineer¬ 
ing Andnaiiy; dm Air Soff; md die MaMriela and ftnuwiw 
Deparkneal of the Royal Acmepaoe Ealdbliahmint. Fanbor- 
ongh. Aa w n wagy. unci a KiN from onr tiai ni i n a nre AnJywe 
andQMipndngDiviBonandoorCankalSefviCindDwdB|nBnM 
BaOHiriMHiafewdtooflbrdatafledadvioo, Utohfiniitfyof 
Mtan foHqr knack for ikcnfl mnarri knigriir 




PiMnciiicoiaiduilioiahave new bcfoikkMBaiiaipoctakaM 
M «• wn nowalqa Mill dw pack-■ Mred we oar od- 
iMfMS. W« hnve bewi fotcid a kaqi aaqr of <ac koM Ika 


(Ak Bn| IAlk«kieklMa 
Oriapinaikiin ThcapicaflMi 
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a thorough airing by all interested parties. It is important to note 
here the objective viewpoint that the structural integrity policy 
branch holds since we are not responsible for day to day 
management of the individual aimaft and therefore are not 
clouded by the short term priorities the Support Authoritief may 
face. Such a philosophy continues to be endorsed by our senior 
management even in these times of staff cuts. 

Statements of Operating Intent (SQIs) 

In order that the Design Authority can ufsderstand fully how we are 
operating the aircraft, we produce a Statement of Operatiog Intent 
or SOI (see Figure 4} one for each type. This publication gives 
a detailed account of each of the flying profUesfsee Figure 5>we 
expect to use in the following 2 years, supplemented by relevant 
information on for example, fuel loads and stores configurations. 
The Design Authority will therefore be able to underwrite the 
structural integrity of the aircraft with a real rather than assumed 
knowledge of how the aircraft are flown. 

Dmaye Recnrding 

By monitoring the parameten most related to the f«igue damage 
we can attempt to assess the fatigue life consumed in each sortie. 
Our ntost univenal way. for the next few years at least, is by means 
of a fatigue meter (see Figure 6) This mis-named device is but a 
counting accelerometer measuring g levels in the pitching plane 
near the centre of gravity. The shortcomings of su^ a device ae 
well known, of course, but wid\ cate we can make reasoni^ es¬ 
timations. 

Fatigue Pnm ifiU# 

It is from the detail within the SOI that the Design Authority will 
be abk to determme the rdationship between the fatigue meter 
readings and the actual fatigue damage caused by the manoeuvres. 
This relationship is expressed by means of a fcemu\%(seeFigurt 
7), perfa^K a number of them to account frir different stores con- 
figurafroos. Each formula is so ooustrucied such that the cleared 
life of the aircraft • either anticipated or already underwritten by 
fatigue testing-equals 100 fatigue index or lOOFL AUconcemed 
cn foeiefore easily relate die life used so Car as a proportion of the 
cleared life. Sinqdistic of course but it does aflR^d a greater 
visiMity of the fatigue issue to all parties. 

No matter how accurate the SO! may be and how tbotoughly the 
fatigue Cornrala may have been derived, there wiQ atwi^ be a 
difference between the amumed ftfigue damage and thM actually 
incarred. For the bet 15 years we have ihaefiMe had Operebonal 
Loads Measwemeot (or OLM) pfogranmas wherein aiicraft «e 
fitted ariih st r a te gica Uy planed snin gsugri to detreraine the 
loads dBectfyfteeftgurr^jL Infcroalion that derived iassad to 
s u pp lfm a m the faiigiie foramla icwte and we can adjust the 
calcwlsrinns m oec—y. Ihoviding dK OLM progTsmawe are 
property managad the bwfi ls are weBwoidt the ia re eh a em . As 
a vaqr uMfil reitm. Iht OLM leaahs can kl as knew tha dreoage 
caaaed ID uractap wMch oould not othsrwiae be demmined. 
Pattgiiediroagu in are Ireland fin, far insiMtoe. often bares ftfle 
lelreiao to fan fadgae naisi readfaiga. 


OvflorebMTocaadeflaaiMiaretoalBreSOOrerenrftdi- 
T id a d hs iw aM i 2vs riM is-fa8 l rered kto rS«a»<ID6)rerffaiAg 
DefaMS VreiMd (ADV). SttnetonBy faa viD«re SOfa 
rn rere n n. fae res in fa rt n rrtn n ftn i l s ^ of fas 

ADV. isfawi dreigniittoeredsiisafdODOlMres. AHtoagh 
fasrerenao—tofartfaiil nreifaiMUsito. irerelis^i isih vi- 


ant is underwrhten by a main airframe fatigue test, the IDS test at 
lABG in Munich and the ADV at Brhish Aerospace Warton. All 
3 partner nattons of fae Panavia oonsmtium draw results Cram the 
IDS test. Germany and Itafy have no direct interest in the ADV 
results since fae UK alone i^xratet this variant - although fae other 
nations still have responnbili^ for the ADV test under fae terms 
of the Panavia contract. The ^gue safety factors ack^Ned by us 
differ from those of our partners, as do the fatigue management 
principles. That said, it is not my place to dwell <mi the matters 
relating to our pretnernatioos. Suffice to say that we adc^ 3.33 
for monitmed structure and 5 for unmonilmed structure. Moni¬ 
tored structure is that whose damage can more easily be aligned 
to fae leadiogs on fae fatigue meter and is faerefrm Ufed in FI 
terms. Unmonitored structure is that whose life is usually assessed 
purely by the number of hours flown. In peacetime the safety 
factors are those which we must adopt in order to retain the 
acceptable probability of failure from fatigue arising during fae 
life of the aircraft. Hence, in all but the extreme circumstances, we 
cannot fly beyond fae limits that the safety factors dictale. If we 
do, we are usually faced with a fly-by-inspection regime until we 
can reach the next srevicing opportunity. I must em|faasire that 
such events are rare - not even during Operation Desert Storm did 
we face such a situation. I should also add that our Air Staff are 
quite content with this approach - providing we do not change the 
rules,they areb^jpy to t^e them at face value. Bearinginmind 
the safety factors, we have cleared nearty a full life for fae IDS and 
about hiJfa life for the ADV. Partly due to the sheer size of fae 
fleet and pretly because of the complexity of structure on what are 
our foremMt fast jet aiicraft. fae fatigue managetrreni aspects on 
the Tornado represent our most advarreed fainlting across all fae 
Royal Air Force. Suffice to srty, if we get it right with Tornado, 
then fae chances are good with aity othre aircraft. Indeed, weoften 
use Tonualo as a prototype for any new ideas we wish to develop. 

Having set the scene, then, 1 will let John Stevens take up fae 
discussion and explain bow we trade our aircraft and component 
fatigue data. 

macdfaugue monitoring 

Good.... Ladies and Gentlemen, 1 am one of the five Systems 
Analysts responsfate for Aircraft Fatigue Systems at the Mainte¬ 
nance Analysis rod Conqwtmg DivisioD (MACD) which forms 
part of the Royal Air Forro Logistics Estafaltshinent (seefiffdre 
9>. Otv aircraft fatigue system is centrally controOed by MOD Air 
Eng 17(RAF) as fae sponsor branch re^wntiUe for aircraft 
structural integrity and fal^ue policy. In conjunction with fae 
appropriate SupportaodDesign Anfaocities, they provide MACD 
with fatigue calculation formulae, approved by RAE Farnbor- 
ough. 

The objectives of fae MACD aircraft fatigue system are twofold: 
Firitty, to momior the damage experienced by individual service 
aircraft each line they fly, told secondly to identify any trends in 
opennioiiai fleet usage which deviate from fae profiles defined in 
the Statemem of Opcitoing InaenL 

Some 12 aircraft types ire cuncafty procesaed at MACDfser Fig 
-urr /Ql UnderpfcaeotpolicyaUfa^ueAIX*piDceeaingistobe 
cmtoaliaed to MACD wito priotity being givea to te jet aacraft 
types. Tte MACD fafrgae tystem ocMBpriem needy 3 mifikm 
todpridnal flight recoidi cov ering over 1200 aroirtt and «inw> 
than 4000 mrtor sttvcttni Gomponanii. We ire abo coneady 
devebping systems for NOAOD, ^NTHY and HARRIER 
OR7. 

XnnidB 

Towadb leprMiitfi by ftr iha moat romplictoad of onr cMnent 
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The T<miado IDS has no less than five independent formulae 
anociated with criticai areas of structure (see Figure It)e9dti of 
whichm^dictatethefatifuelifeofMindividualairfiafne. Three 
formulae relate to the fuselage frames, the remaining two formu¬ 
lae apply to the wing pivot and inboard pylons. 


Each of these S formulae is further divided into 4 “Ginfiguration 
Cases** to reflect wing load distribution (see Figure 12) As 
Tornado (X.M data analyses areoofi^>leted. factors are applied to 
adjust these formulae: we are then required to reprocess all 
Tornado archive data, if^plying the revised formulae and factors. 

Component Fatigue 

In addition, the Fatigue Index consumption of individual critical 
components is also calculated 13) Tomadohasessen- 

dally become modular in concept ftx' component management. 
There are presently nine major Tornado components each of 
which may migrate from one aircraft to another and we muri 
dierefore transfer with it the complete previous fatigue usage 
history in order that subsequent fatigue formulae reprocessing 
exercises are ^tplied to the correct component usage data. Tor¬ 
nado v/ing management is further complicated by corrosion, 
repairs to which generate increased fatigue consumption rales for 
individual wings. 

AIRCRAFT AND COMPONENT TOACKING 
Mod Form 725 

At the end of each sortie Fatigue Meter readings are entered on the 
MOD F725 "Flying Log and Fatigue Data Sheet’*f5e^ Figure 14) 
together with other flight details such as fuel load, weapons 
configuration, tmd so on. In order to track individual aircraft and 
components, identification of the aircraft and its major compo¬ 
nents IS included within this F725 data. Whilst operational flying 
data is predominantly captured at unit level by such manual 
recording on the F72S. we are increasingly converting to mi^netic 
media cifPCurc utilising microcomputer terminals; Development 
of interfaces witti automatic *‘on-board'' aircraft fatigue data 
capture systems is also in hand. 

SEMA 

Where flying stations have local microcofnputer systems, such as 
the Station Engineering Management Aid (known as SEMAX the 
ecpiivftlmt F725 flight dida is ci^icured directly by it^l to the 
local terminal and subjected to validation to achieve a hi^ level 
data integrityfsec Figure 15). At the Tornado units SEMA 
systems provide fatigue calculation and genoaie loc^ maiuge- 
iramt mfbrmatkm prior to data transfer on magnetic disc to the 
MACD mainframe system. 

Pth Pr**^*^ing 

Data from all Tornado flying units is then ag g reg a ted and the 
fHipK 1^ consumed dving each fli^ is ctfcalMBd idihsini the 
design aotfiorily fonnulae; global fleet management data is then 
generalBd either in hard copy form or on magnetic disc for transfer 
to extem^ mici o co i n| nner systemsf^ee Figure 15). 


Frt^oe syslero ootpuis in tabular and gngdiic printout form are 
fa i w dsd on i moodily and annual basis to ihoee extern^ 


agencies appropriate to the relevant aircraft typefsee Figure 15). 
We have ato d^loped automatic anilytis of <fota such as aircraft 
mass, weapon configuration and g spectra, in order to review the 
accuracy ofihe Statement ofOperating Intent Ad hoc analysis of 
fatigue data is also cmried out in response to requests from itsm. 
Detailed interrogation down to individual aircraft sortie parame¬ 
ters is availd>le. Our customers are no longer restricted to RAF 
support authorities and operational units. Many of our ad hoc 
intcnogatiDM support OLM data andyses or fatigue formulae 
development work at Design Authmities md RAE Famborough. 
Forexamf4e,duringOpmtkMiDescrtStonn,theDesi^Aittbor- 
ity were conconed at the high flying hour usage of Tornado ADV 
in relation to the cleared life of a particular we^xm laundier. By 
analysing all Desert Storm Tornado ADV weaptm configuration 
and fatigue meter d^ MACD dnnonstnsed that the actual 
operational *g * spectnm was more benign than the design critoria 
and the iniegrity of the equipment was no longer in doubt This 
was achieved within 24 hours of the original request 

Graphical Output 

In order to assist fleet managers and other users in identifying 
trends more r^dly our system devetopmeni was aimed at im¬ 
proving the analysis and presentation of fatigue data. We have 
therefore developed outputs in graphic form (utilising ICL soft¬ 
ware) to facilitate more rapid identification and analysis of fatigue 
trends than is possiUe with tabular data ouqMils. Graphic data 
presentation not only presents data in a formal that is readily 
assimilated by the recipient but has the additional benefit of 
significantly reducing the volume of our reports. (For example, a 
single graphic of‘g* spectra has replaced200pages of report text). 

Microsystem Interface 

We have developed data formats which are compatiUe with 
external microcomputer systems such as llutt used by the MOD 
Tornado Support Authorify (see Figure !5)\ manframe d^ 
transferred via floppy disc, enables Tornado stafis to manipulate 
data locally and to present outputs in whatever format they might 
require. Sbnilv interfaces are being implemented on other 
■inraft fleets. 

In summvy, it is this combination of graphical presentation, 
together with the use of relatively powerful microcomputer sys¬ 
tems at operational units and Siqjport Authorities which offers the 
greatest potential improveimnt in RAP fatigue monitoring and 
analysis of aircTaft usage .... indeed witfiout such improvement 
fleet manegement ofTofnado for exam^ inighf well have proved 
impricticaMe. 

Having described our current fatigue systems, I will ask Mike 
Render to conclude with an outline of the future wey ahead. 

P15SEMINAT1QN Of FATICVE MA M AgEME NT PCTJCY 


I mentioned earBer that the fruigoe meter is the best syriem we 
have for a whfle. albek supplemented by our OLM programmes. 
In 3 yeas time we shmdd have the begiana^ of a fhtot of affcraft 
fitted with strain geoges. The Hairier OR?, a vaiaiit of the A V8B. 
will be l eho f ilte d sridi the I^^oe Moniloriag and Com pu t ii ^ 
System or FMCS. The m eas urement of fMIgue dantagr using 
FMCS is no different a phUoat^diy to fitet on ftm OLM pro¬ 
grammes, except that eveiy snerafr wiB be so fined; cakuletioB 
of the dsmage is done on boad and it diawfa ro orailaMe to die 
riaff at the t^pcfteiftg mths. We fevour aoch a ayitem for die 
European Fighter Aiiciaft and we may retrofit Tornado • thhough 
with such a matree avcrtfl there may be ineofficieni tiine to 
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aiiKwtize the costs. We still have di£5culty in convincing our 
seakws thet FMCS does not reduce the sjnount of fatigue damage, 
rather it allows a better assessment of it to be made uxl d)erefore, 
indirectly, may afftMd the fleet managers the information to decide 
how best to conserve fatigue to within the budget 

MinigqsifMtt.infanaatiM 

la^xovementinownanageraent-infonnatkMimethodaisaworth- 
while objective in itself. We believe tfiat they can help overcome 
the dUadvantagcs inbenett in our fatigue syalems of earlier eras of 
technology. We started to use colour gri^ihics outputt for the 
processed fatigue data about 5 years ago, thus making the infor- 
matioii readily d^estible. Since then, dteie has been a sharp 
increaae in the interest ahown by all fleet managers - engineen and 
aircrew. The tranafcr of fatigue data by modem to Command and 
Ministry staffs is also under conaideration. We are maintaining 
considerable momentum in theae areas since there are vast poten¬ 
tial savings from giving the manages the right information in the 
right format 

PAucMtie^ to Air and Engineerifig Staffs 

We have embarked on a major pro^amme of education, tailored 
speciftcally to fatigue management Our efforts have been well 
received especially on the fleets that have stringent fatigue budg¬ 
ets. Our audiences for our lecQtresvaryfromsenkx aircrew loour 
engiiteer contemporaries who may be about to flU a Support 
AuthcMity post We are keen to maintain the 2~way dialogue and 
strive not (o be misutKkrstood as a policing function, a mistake 
made by our predecesa(»s with a consequent dimini^ing of mist 
between engineers and aircrew. 

Manual c )f Structural Inieyrity 

We are conscious that much of the good work may be lost over 
time with die inevitaUe personality changes. A Royd Air Force 
Manual of Structural Integrity is therefore in course of production. 
This will not only document the techniques which we have found 
favowable but also itemize, in OHisiderable detail, the necessary 
management structure to cope with (he fatigue management task. 

gOfiB 

So, ladies and gentlemen, in the short dme available we have 
attempted to give you a flavour of how we in the Royal Air 
Force are managing (ha precioua r esource of aircraft fatigue. 

We do not claim lo have the best procedwes, and certainly not 
the most advanced aircraft systems in service. Nevertheless, 
die combinabon of our available technology together widi a 
commitment by all dioee conoemed wkh die structural health 
of our aircrdt hm enabled us to approach aircrdt fatigue 
management with confidence. 
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AIRCRAFT TYPES ON THE 
MACD FATIGUE SYSTEM 
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T Q RNADQ IDS - FAT I GUE FO R M U LA E 
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the structural development and the 
fatigue verification of the TORMADO 
prograime has been completed. The 
majority of the aircraft have been 
delivered to the German Air Force 
and some of them have been In full 
operational use for a period of one 
decade. ‘Ails Is considered a 
suitable time to review the approach 
for ensuring the long-term 
structural airworthiness, from the 
users point of view. 


1. nffsoDDcnoM 

The TORNADO fleet forms the backbone 
of the German Air Force air attack 
capability. Therefore, the long-term 
structural Integrity of this 
programme Is of paramount 
Importance. Under the Increasing 
constraints of available resources, 
In terms of military budget and 
manpower, effective fatigue 
management, which mables the 
airworthiness to be malntened at the 
required level, beccmes a vital 
element of the overall malntenai :a 
programme. 


TORNADO was developed as a trl- 
natlonal European cooperation 
programae. For the design purpose, 
the formulation of comDon fatigue 
design requirements and verification 
principles among the participating 
Nations was necessary. Having passed 
the design and structural 
verification process, the emphasis 
has changed and Is now focusing on 
the In-service considerations. These 
tasks have to be established for 
each Nation according to their own 
national maintenance procedures. 

In Germany, as In other countries, 
there are several authorities ^md 
organizations Involved on the 
subject of military aircraft 
structures. 


The fatigue life assessment for the 
German TORNADO'S described here is 
presented from the view of BHB-ML, 
which is the national airworthiness 
authority responsible for all 
activities involved to provide 
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structural integrity of the Gemem 
military service aircraft euid lABQ, 
which conducted the majority of the 
TORNADO fatigue tests, performing 
all fatigue life tracking on German 
service aircraft and monitoring, on 
behalf of the Gemuui Ministry of 
Defence, the structural matters on 
TORNADO during develojanent and In- 
service phase. 


a. PRsanT torkado piKxauuaa sxatds 

The TORNADO aircraft Is a two 
seater, twin engine, variable sweep 
wing, Mach 2 fighter bomber. Its 
development st^u:ted In early 1970. 
The maiden flight of the first 
prototype was In 1974. The first 
production aircraft has been 
delivered In 1980. Currently more 
than 900 aircraft have been built. 
Fig. 1 shows the major milestones 
history of the TORNADO prograinse. 

Three different variants of the 
TORNADO exist; IDS (Interdiction/ 
Strike), AO (Air Defence) and BCR 
(Electronic Combat/Reconnaissance) 
aircraft. Germany has ordered for 
its Air Force (GAF) and NAVY (GNY) 
322 IDS aircraft ^md 35 aircraft of 
the ECR version. Most of th^ are 
delivered to the air force and navy 
squadrons. Since entry into service 
more than 600,000 flying hours have 
been accumulated by all TORNADO 
customers. 


TORNADO was jointly developed by the 
partner countries United Kingdom, 
Italy and Germany. The national 
workshares were 42.5:15:42.5 % for 
the ctsq>anle8 BAe (UK), AIT/ALENIA 
(IT) and MSB (GE). 


3. UtVIlN or FATIGUE DESIGN 
PIII1ICIPI.BS APPLIED 

The major fatigue design criteria 
for the development of the TORNADO 
airframe are sumnarized in Fig. 2. 

This is history now. However, in 
retrospective, at a time when most 
of the aircraft )uive been delivered 
and are in service now, it is 
considered useful to review the 
applied design goals: 

Oeslgn Speetnnn and Service Life 

For the design a ccxmnon spectrum was 
defined, which covered as an 
envelope the most stringent 
requirements of the putlclpatlng 
Nations. Prom the very beginning of 
the development It was obvious that 
this severity in the design spectrum 
gives, at least for the GAP euid (SJY 
missions, a considerable margin for 
a structural life extension t)eyond 
the 4000 design service life hours. 

Petlgue Safety Factor 

To cover scatter in endurance life, 
a factor of 4 was established. So, 
for fatigue qualification, a life of 




AOOoagMbaua 

mMi a s«Mrs tpasirum 


•rtaUlsDMlBn 

no araalm due to M^pia 
uni lw d sd gii ipacNi a n 
OQcicMoMANEia 

UsmvtoaMs 




•cMWMiomiM'Ou 

AadaneadM-aiNoye 

•iwnalar 


mx TOMMDO tnwnuM MomuK 




22-3 


4000x4 s; 16000 teat hours had to be 
demonstrated. However, It was not 
ej^licitly specified to which level 
of strength degradation this factor 
has to be applied: factor of 4 
against what? Generally, there can 
be expected a wide range between the 
time of local crack initiation and 
the point of total collapse of the 
airframe. Typically for TORHADO 
fatigue test results, there was 
often a factor of 2 between the two 
extremes. 

In cases of premature failures a 
factor of 4 against crack initiation 
has been used for all those fatigue 
design ImprovssDents which could be 
Inplemented during in-line 
manufacturing. For those aircraft, 
which require a retrofit 
modification during In-service, GE 
applies the rule: The lower value of 
either a factor of 2 against crack 
initiation, or a factor of 4 against 
failure (where the residual strength 
is expected to fall below 80 % 
residual strength). 

Residual Strength RequlTonant 

The guideline was 80 % Ultimate 
Design Load at the end of the 
fatigue life l.e. at 16000 test 
hours. 

However, this goal was not 
considered as a real design driver 
and test evidence was shown in a few 
cases only, so for instance for the 
outer wing. In general, having 
successfully reached the 16000 test 
hours, all the Nations favoured the 
options either to continue fatigue 
testing and/or complete the test by 
a thorough 'tear down' Inspection. 

Safe Life Phllosoi^iy and Struotuxal 
Inspect loo Concept 
TORNADO is strictly designed to the 
safe life principles, l.e. a full 
crack-free life (under the specified 
design spectrum) has to be assumed 
and consequently, no dedicated 
structural Inspections due to 
fatigue would become necessary. 

GE has applied this an?ioach as far 
a possible, because it Is t>elieved 
that this will minimize the 
structural maintenance effort in 
service. 

Good damage tolerMce behaviour was 
provided in general terms only, as 
by structural redundwcy or for the 
material selection process. No 
specific damage tolerance 
verification tests have been carried 
out. 


Meteclel Break Down 

The airframe basically consists of 
metallic design. As major materials 
the convential Al-Cu alloys (2024, 
2014) and the advemced Al-Zn alloys 
(7050, 7475) have been used. Also, a 
significant portion of 19 % of the 
structure has been made in titeuilum 
alloy Ti-6A1-4V (mainly for the wing 
carry through box and the wing sweep 
diffusion area). 

Up to now, no service problems 2 u:e 
)cnown, which could be related to the 
material selection. 


4. FATZODB VBRIFZCATKBI TEST 
PROGRAIIIIB 

The results of fatigue verification 
testing provide the basis for any 
fatigue life assessment in service. 

A brief summary of the TORNADO-IDS 
tests Is given in Fig. 3. Additional 
tests conducted for the AD vari 2 mt 
eure excluded here, because of GE's 
non-Involvement In this task. The 
ECR aircraft Is, with respect to 
fatigue. Identical to IDS aircraft. 

The fatigue verification process for 
TORNADO-IDS Is basically cc«f>lated 
now. Only the Full Scale Fatigue 
Test (MAFT), having reached 16000 
test hours, will be continued to 
e}q>lore the fatigue strength 
reserves beyond the design 
requirements. Generally, this 
approach was applied on most of the 
component tests and in mcuiy cases 
there was a considerable margin In 
service life. 


5. BBXVZCI UFB COOTBOZ. ABD FATIGUB 
RBZiASBO HAZliTBMABCB 

So far, the TORNADO fatigue life has 
been considered from the design and 
verification point of view. Of 
course, the real in-service fatigue 
behaviour will differ in a wide 
range, for a variety of reasons, 
although the design criteria were 
tailored to the e^^ected later in- 
service usage. The major reasons for 
those deviations result from: 

- differences in the actual GAF/can 
usage spectrum, coiq^red with the 
trlnationally agreed design and 
test spectrum 

- influence of environmmtal and 
accidental effects, not covered 
by fatigue testing under 
laboratory conditions 
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- slnpllflad test load conditions fatigue test results to derive the 

which do not simulate all actual allowedsle service life limits, 
service loadings, e.g. vibration 

Induced phenomena Additional measures are required: 

fatigue load monitoring, structural 

- differences within the build inspections and, where 2 q>pllcable, 

standard of the test article and fatigue Improvement by design 

the Individual service aircraft. modifications or replacement of 

components after a given time limit. 

The presence of these effects cannot 

bo Ignored. Only partially are they In the following the methodology of 
covered by the fatigue scatter controlling the service fatigue life 

factor, which is applied to the is described. Die principle Is shown 

In Fig. 4: The control tools are 
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FMlS FATMUE MONfTOfllNQ 8V«1B« TOflNADO (9AF) 



twofold, by fatigue load monitoring 
and by inspections. Both methods 
complement each other: fatigue load 
monitoring is based on calculated 
fatigue damage (relative to the 
fatigue test result) and cannot be 
made visible or verified - until 
crac)cs occur. In contrary, proper 
fatigue inspections will demonstrate 
that a certain fatigue limit has not 
yet reached and therefore, the 
structure is still safe within a 
given inspection period (a moderate 
crac)c propagation is assumed). 


5.1 FATIODK lAXD HONITORIHO 

Initially, the early GAF TORNADO’S 
delivered were equipped with a 
socalled 'fatiguemeter' which 
records the cumulative g's within 3 
wing sweep ranges. Soon, service 
experience showed that this system 
could be further improved to gain 
the full benefit of fatigue load 
monitoring for an effective 
structural maintenance prograsne, 
allowing the fatigue reserves to be 
exploited by the correction of too 
conservative assumptions for the 
calculation of the fatigue 
consumption rate. 

It Is typical for TORNADO usage that 
fatigue loading will vary more than 
usual for other OAF aircraft, 
because of large variations of 
(^eratlonal paraswters as extended 
flight envelope, external store 
ccnblnatlons and flying SMsses, and 


due to several aerodynamic wing 
configurations. 

For these reasons, for the GAF, the 
fatiguemeter has been replaced by 
the OLMOS (On-Board Life and Event 
Monitoring System) device. This 
system allows, (seside the cumulative 
g times flying mass recording, the 
registration of additional fatigue 
relevant flight parameters as 
external store configuration, wing 
sweep euigle and flap and slat 
position. Furthermore, OLMOS is a 
multipurpose device, which also will 
be used for engine health monitoring 
and structural limit exceedeuice 
monitoring. 

In addition to OLMOS, selected OAF 
aircraft are equipped with a 
Maintenance Recorder System, which 
en 2 d>les the registration of further 
peurameters and strain gauge 
measurmnents. 

A summary of the GAF fatigue 
monitoring system for TORNADO is 
given In Fig. 5. More details are 
described In Ref. 1. 

The results of the fatigue loeul 
monitoring will be used for: 

- control of fatigue life of the 
individual aircraft componMits: 
fatigue damage consumed and 
extreq?olatlon to the expected 
raenlnlng life In flights hours 
and calendar time 
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- derivation of the need and time 
echedule for the implementation 
of retrofit modifications 

- adjustment of the fatigue related 
part of the structural Inspection 
prograinae, depending on the 
actual usage 

The principle of fatigue life 
control and the interactions with 
fatigue test results md fatigue 
related maintenance^ as applied for 
the GAF TORHADO, is described in 
Fig. 6. 


5.3 taaovnmt or itBTRoriT 
MODirXCATKNra 

As explained already, design 
improvements have been derived from 
the fatigue test results emd, as far 
as feasible, in^lemented during 
manufacturing of production 
aircraft. However, due to the 
overlap of fatigue testing and 
aircraft manufacturing, this has not 
always been possible. Also, it has 
to be realized that not all fatigue 
problem areas for service aircraft 
can be Identified by ground testing 
- a matter which probably will be 
experienced for any aircraft 
progrwne. 

Consequently, sosie retrofit 
modifications have to be salTOdiad 


during in-service for the 
rectification of the fatigue life. 
The time of incorporation will be, 
for the German TORNADO'S, controlled 
by the LEDA fatigue management 
prograinne, individual for each 
aircraft and for each location. It 
is OAF policy to embody, as far as 
possible, retrofit modifcations 
depending on the flight hour related 
maintenemce prograimes, i.e. at the 
•major' depot Inspection or the 
■minor' periodical inspection. A 
preference to the depot inspection 
for implementation time will be 
given, because of meuipower, 
equipment and test facilities 
available, and the higher degree of 
accessibility involved. 

The fatigue consumption depends on 
the individual usage spectrum, which 
in general does not follow a simple 
correlation with flight hours. 
Therefore it is necessary to convert 
the fatigue damage in individual 
flight hours for the derivation of 
the point of embodiment for the 
retrofit modifications. Also, frcxa 
the economic point of view, it has 
been shown useful to group certain 
modification measures, within a 
given tiste range, together for 
simultaneous l^lementation. 

Fig. 7 shows for the major 
structural stodlfication packages 
applicable for the OAF TORNADO fleet 
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the corresponding life limits, 
referenced to the design spectrum. 

The resulting range in flight hours, 
expressed by the 10 to 90 % values 
of the fleet, is also given in this 
figure. For the purpose of fatigue 
load monitoring a 'lead' 
modification per modification 
package has been chosen, which 
dictates the latest possible point 
of embodiment. Also, the 
differencesin build standard within 
the fleet have to be taken into 
account for that task. 

Fig. 7 also indicates the fatigue 
life potential for a service life 
extension exercise (see 6.). 


5.3 STRUCTDRAL INSPECTION PROORANME 

Neither fatigue testing nor fatigue 
load monitoring can fully provide 
the required assurance for the 
structural integrity of the service 
aircraft: not every fatigue prone 
area can be revealed by fatigue 
tests, not for every aircraft 
location the fatigue consumption can 
be adequately monitored, environment 
effects could interact the fatigue 
life, etc. These gaps have to be 
filled by the application of a 
structural Inspection programne. 

According to the safe life principle 
adopted for the derivation of the 
GAF inspection needs for TORNADO, 


this inspection programme consists 
basically of visual inspections, 
looking for environmental and 
accidental damages only, rather than 
a fatigue dominating inspection 
schedule. With respect to fatigue, 
these inspections are »imed at 
controlling possible d.^crimental 
effects, which ct Ud negatively 
Influence the fatigue life. The 
fatigue life itself plays a 
Secondary role only: to define the 
criticallity of the individual 
locations and the acceptance 
thresholds for damage limits. 

In addition, a few dedicated 
•fatigue control inspections' will 
be applied. The objective is to 
provide further confidence, that the 
fatigue limits have not been 
reached, yet: fatigue control by 
Inspections, where applicable. 

llie cunount of these inspections is 
limited to a few 'pilot areas' and 
Involves thorough NDT inspections 
(by eddy current or ultrasonic 
aids). The philosophy behind these 
'spot check' Inspections is the 
assumption, that a local reference 
area can be used as an indicator for 
the actual fatigue life consumed on 
surrounding large areas as well. If 
there are no signs of crack at these 
'pilot areas', no cracks are to be 
expected in other regions, too. 
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However, the adc^tlblllty of this 
principle Is restricted by: 

' good damage tolerance 

characteristic at that location 
is required 

- test evidence has to be provided, 
that cracks always em^matlng from 
the same location, far before 
other areas are affected 

- a thorough NDT inspection should 
be easily feasable at the pilot 
area 

AS an example, the applicability of 
this concept for the outer wing Is 
demonstrated in Fig. 8: Early signs 
of crack Initiation (crack length 
below 0.5 mm) occurred at 30 % of 
the overall wing life, at 56 % the 
lower flange of the front spar 
failed locally, without a reduction 
In strength below 150 % limit load, 
and finally at 100 % of the test 
life numerous fatigue cracks 
developed at the lower skin, which 
terminated the life of the wing box 
structure. This sequence In fatigue 
crack occurances has been confirmed 
on several test articles. 

For the derivation of the fatigue 
control Inspection Interval, a 
safety factor of 3 was applied 
against crack Initiation time. 
Because the inspection will be 
performed during regular flight hour 


related servicing, the actually 
applied factor scatters something 
for the Individual aircraft. 


S.4 SBRVZCB EXPERIBHCB 80 FAR 

The OAF fleet leaders. In terms of 
flight hours, have exceeded 2000 
flight hours, whilst the latest 
aircraft have just been delivered to 
the squadrons. 

Certainly, it is too early to derive 
definitive conclusions on the 
effectlvity of the fatigue control 
programne applied for the GAF 
TORNADO'S. However, at least some 
indications can be given on the 
present experience available; 

(a) Op to now, no serious fatigue 
damages or other structural 
events have occurred In service 
use, which would have been 
directly affected the structural 
airworthiness. 

(b) For all fatigue critical 
locations. Identified by Full 
Scale Fatigue Tests, after 
embodiment of design 
Inprovements, the service 
aircraft do not show any signs 
of fatigue deterioration. 
Indicating that the fatigue 
sensitive areas are effectively 
eliminated. 
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<c) Th 0 geaaral in-sarvice 
behaviour of the TORNADO 
structure eq^pears to meet the 
expectations. So, it wets 
possible for the CSAF to extend, 
after some updates, the initial 
inspection intervals, proposed 
by the conpeuiies, from 300 to 
SOO flight hours for the 
periodical Inspection and trom 
900 to 2000 flight hours for the 
depot inspection. The potential 
for a further reduction of the 
structural inspection effort is 
currently investigated. However, 
the amount of fatigue related 
maintenance is only a minor 
contribution to the overall 
prograome. 

(d) The severe fatigue design 
spectrum applied for the design 
and verification process of the 
TORNADO airframe offers a 
significant potential for 
stretching the maximum service 
life. Presently, the OAF is 
flying, as an average figure, 
only 25 to 40 % in severity of 
the design spectrum. 

(e) A somewhat disappointing feature 
is the fact that service use 
d«aonstrate8, once more, that 
fatigue testing and fatigue 
monitoring cannot fully prevent 
all fatigue and wear related 
problems. So, some minor damages 
on secondary structures 


occurred, caused by 
aerodynamically induced 
vibrations on thin skin panels. 
Solutions in form of design 
modifications have been prepared 
to overcame these problems. 

However, this situation is not 
considered as peculiar to 
TORNADO structure. 


6 . SSRVICB LIPS EXT»SX<» 

The majority of the OAF TORNADO 
fleet is in the e^u:ly phase of 
serlve use. However, it is becoming 
increasingly appeurent that the long¬ 
term strategy shows there will be a 
probable need to extend the service 
life of TORNADO beyond the original 
design goals, both in terms of 
flight hours and in calendear time. 
The amount of life extension and the 
way ediead is presently in em early 
stage of consideration. The 
structural disciplines Involved in 
this task are briefly described 
(Fig. 9): 

Patlge Test Continuation 
The Major Fatigue Test (MAFT) will 
be extended beyond the required 
design life to show up the actual 
reserves in fatigue life. For some 
other conqponent tests these reserves 
are known already, which can be made 
available for life extension. 
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Fatlgu* ZKMid Ifanltraliia and 
Struotural Modleioatloaa 
The anount of life extension 
potential for the individual 
cooponents of each aircraft and for 
the whole fleet will be controlled 
by the LEDA monitoring system. Also 
the need for structure modifi¬ 
cations, depending on the fatigue 
life consumed, will be determined. 
Fig. 7 gives some indications on 
this subject (for instance, modifi¬ 
cation package Mo 3 includes 
extensive cold working of wing 
fastener holes). 

Strain Oauge Measnxanants on Sarvloe 
Alroraft 

The fatigue load monitoring controls 
basically the fatigue life limits of 
the g-related components as wing, 
wing carry through box and centre 
fuselage, which etre regarded as the 
most fatigue sensitive areas. 
However, for the life extension the 
overall airframe has to be 
considered: How much fatigue is 
consumed of the remaining 
ccsnponents, where for the fatigue 
life other peuramters than g's are 
dominating? Certainly, it cemnot be 
assumed that for fin, taileron, 
undercarriage and large areas of 
front and rear fuselage the fatigue 
rates will follow the same rules. In 
order to gain a more detailed 
picture of the overall fatigue 
situation of the aircraft, long-term 
strain gauge measuronent for these 
non-g-related conponents eu:e 
Intended. Presently these strain 
gauges will be installed on several 
GAF service aircraft. 

Alroraft Rotation and Operational 
Factors 

It is obvious, that scrnie aircraft or 
some squadrons will fly more 
severely them others. Rotation of 
aircraft, i.e. mixing high fatigue 
missions with low stress missions 
will ened>le to delay early 
retirement of the TORNADO fleet. 


Life IxtansloD fay Znspeetlon 
As a measure for e:q>andlng the 
allowable service life, the 
^plication of a supplementary NDT 
inspection programme for the late 
in-service phase is envisaged. This 
would allow, in ccsnblnation with 
other measures, to extend the 
service life for a limited period. 
The Inspection need would be derived 
fr«n a d 2 uiiage tolerance approach, 
i.e. considering the remaining life 
during the crack propagation phase. 


COBCLD8IOS 

It has been attempted to provide a 
brief summary of the overall fatigue 
control progremme for the TORNADO 
aircraft of the German Air Force. 

The approach described is based on 
the interactions of the key elmnents 
fatigue test results evaluation and 
fatigue constmnptlon control on 
service aircraft by fatigue load 
monitoring zmd structural 
inspections. 

The principles applied probably do 
not significantly differ frtxo those 
for other aircraft and other western 
Air Forces practices. However, the 
emphasis on the detailed features 
involved might vary, depending from 
the particular individual 
engineering, op>erational and 
budgetary situation, and the 
maintenance resources available. 


vsmxmxt 

l.Neun 2 d>er, R.: ‘Aircraft Tracking 
for Structural Fatigue* 
presented at the 72nd AGARD 
Structures and Materials Pemel, 
Sp>eclalists ■ Meeting on Fatigue 
Management, 29 April - 1 May 1991 
in Bath, Onlted Kingdom 
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■ SBHABY 

One objective of an Aircraft Structural 
Intetrity Frogras (ASIF) in to ensure that all 
priiary structure is both durable and daiage 
tolerant; that is, it is able to resist both 
cracking and failure due to cracking. The 
heart of any durability and danage tolerance 
assessaent is crack gronth predictions. This 
requires a crack groHth prograa, accurate 
stress intensity and load interaction nodels, 
and reliable naterial properties. With these 
tools both durability analysis and danage 
tolerance analysis can be perforaed. All 
potentially critical locations nere assuaed to 
eihibit slo* crack grosth. Ho fail-safe 
concepts uere used, although nany locations 
have alternate load paths that carry liiit 
load. 


. LIST OF SYMBOLS 


AK 

Stress Intensity Bange 

Anj 

Aircraft IncreaenUl Noraal Load 
factor 

to 

Streu Bange 

*0 

Peak Stress 

ASIF 

Aircraft Structural Integrity 

Prograa 

U 

Butt Line 

BTAB 

Coaputer Prograa for Stress 

Intensity Factors 

C 

Foraan Motion Material Constant 

c 

Crack Length 

CA 

Counting Acceleroaeter 

«cr 

Critical Crack Length 

efl 

Functional Ispairsent Flau Size 

OADT 

Durability and OMge Tolerance 

da/di 

Crack Grosth Bate 

D.I. 

Danage lades 

a 

Base of Natural Systea of logarithna 

HH 

Iguivaleat Bveline Houti 

EFFGaO 

LTV Crack Grosth Coaputer Prograa 

E-HDDIL 

FUSFB Multivariable Load- 
Buviroaant Model 

FH 

Flight flours 

FUSPK 

UV's Fli#t SpacUa Osvelopaent 
aethodoloo 

g 

Acceleration Due to Gravity 

H 

Altitudi 


AKrtiresbold Stress Intensity Bangs beiou uhich 
no crack sill grou 

Xc Critical Stress Intensity for Plane 

Stress Failures 

Xjg Fracture Toughness for Plane Strain 

Failures 

Ef Foman Eouation Haterial Constant 

ESI Thousands of Pounds/in^ 

Ln Natural Logaritha 

UlS Loser King Skin 

n Hbeeler Betardation Exponent 

X Kach Nuaber 

n Foraan Eduation Haterial Constant 

Ekg Nj exceedances noraalized to 1000 FH 

at k: S,6,7,S g's 

hj Aircraft Roraal Load Factor 

Peak n, 

OUP Outer Ding Panel 

FQAF Portuguese Air Force 

B Stress Ratio 

BAX Beliability and Maintainability 

SEAFAN Sevience Accountable Fatigue 
Analysis Boutioe 

SLA Structural Life Assurance 

SOB aiSPK Spectra Ordering Pr(«raB 

t. Tine for an 0.05 in. flas to gros to 
a critical crack size of 1.21 in. at 
US 32.2 (Loc. AD) 

USN United SUtes Navy 

USAF United SUtes Air Force 

N Height 

HCS Hlng Centre Section 

US Hing SUtion 

FS fuselage SUtion 

FEM FiniU Eleaent Model 

LHS Loser Hing SUtion 

NDl Nondestructive Inspection 

1. INTBDBOCTiai 

Since iU deaign and developamt in 196A, 
the A-7 has conaiatently dMXMStrated superior 
aainUinrtility and reliability. The A-7 
airfrae has been sapecially noted for lU 
dnrability, sith a«gr aircraft reackiag and 
exeaediv their gurantied aarvice livts. 

Althongb the duri^lllty of the A-7 
strsctnre ais Nil estaUiahad, high-atrangth 
aaUl fatifie failure in otha aircraft had 
becoae sldespmid. 


i 

i 
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In rctponse to this problet, the United 
States Air Fwce initiated an Aircraft 
Structural Intetrity Progru (ASIP), uish 
required aircraft to be designed to operate 
under projected service ioads, and analysed and 
tested to desonstrate a safe fatigue life. In 
1972, later revised in 197S, these ASIP 
requireaents uere docuiented in MIL-STD-lsaOA 
and the concepts of durability, daiage tolerance 
control, and fleet nanageient uere introduced. 

In Septenber 1974, Vou^t Aero Products 
Division, under the authority of the Air Force, 
began a Daaage Tolerance and Fatigue Assesaaent 
Progran to qualify the A-7D for ML-STD-1S30 
ASIP requireaents. This Prograa effort concluded 
in January 1977, uith the qualification of the 
A-7D. A result of this prograa uas the 
establishnent of inspection and aircraft 
nodification requireaents designed to extend the 
life of the aircraft to 8000 flight hours and 
beyond, when proper Inspection and aaintenance 
procedures are observed. Subsequently, several 
prograas uere conducted to enhance a^ update 
the basic effort. 

The extensive A'7 ASIP data base provided a 
fim and very cost effective foundation for 
developaent of a Portuguese A-7P aircraft 
inspection and aaintenance prograa. While the A- 
7P uiil coafortably attain its guarantied 
service life, the structural integrity potential 
of the airfraae uill be greatly enhanced if 
properly aaintained and nonitored. 

The I'urrent usage of the A-7P aircraft 
indicate an average service life of 16.000 
hours. The A-7P have nou an average flight hour 
of 4600 (HIM>29S0 FH, M1’S600 FH). 

2. LUJSIS. 

The prograa consisted of tuo phases 
spanning tuenty-seven aonths. PhSM I denied 
Kith POAF A-7P CA iuullatlon and a POAF CA 
flight survey. Phase II provided for those tasks 
consistent uith NIL-STD-1S30A to perfora 
durability analysis, daaage tolerance control 
and fleet aanageaent. Insults of this pograa 
sere included; (1) A-7P airfraae aaintanaace and 
inspection requireaents, and (2) a structural 
daaa«e nonitorlig prograa for POAF to 
cootioaoualy track and update aircraft daaage. 

Phaae 1 progra teaks aas; 

A. 01 totallatiw 

I. A-7P a flight Sway 


Phase II prograa tasks uas: 


M 

A. A-7P Usage Oetersination - Mission 
Profiles 

B. Critical Structure Selection 

C. Critical Location Evaluation 

0. Operational Units and Inspection 
requireaents Definition 

E. Structural Daaage Monitoring Prograa 

Developaent , 

F. Docunentation and Deporting 

Phase I i 


Phase I of A-7P ASIP consisted of 
Vought's delivery of a data package to POAF to 
define CA Installation of CA's. Also included 
under Phase I is a six nontb CA flight survey to 
establish POAF usage. 

Phase II provided the POAF uith a Daaage 
Tracking Coaputer Progran and infomation 
necessary to establish the aaintenance and 
inspection requireaents that uill iiprove the 
service life and airfraae reliabili^ of the A- 
7P for Pvtuguese usage. 

Current daaage tracking of A-7P aircraft 
require nonthly inputs of individual aircraft 
usage data in the fora of counting acceleroaeter 
ni counts and logged flight hours. 

The current nethod of tracking fatigue 
daaage (crack initiation) in individual A-7P 
aircraft is baaed on early fatigue analysis 
techniques coupled uith the results of a full- 
scale sing fatigue loading consisted of positive 
aanoeuvre loads that uere related to one severe 
iliait load) flight condition, loads associated 
uith landinp and negative flight nanoeuvres and 
the effects of chetical enviroment and flight- 
by-fligbt sequence effects uere not included in 
the test. The daaage tracking aethod is 
insensitive to deviations in n^ usage spectrua 
shape, the chesical enviroment and the landing 
usage spectrua. 

The current aethod of tracking daaage on 
individual A-7P aircraft invoivas a fracture 
aechanica approach. That is, the (Image index ( 
D.I.) is defined in term of the nuaber of 
fiight hears it takm for an 0.005 inch assuaed 
initial crack at UB station 32.2 to grou to a 
critical aim. This crack grostk tiae is a 
function of accrued Cl- 0 | counts and icggad 
flight hours. 
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Duriic tin A-7 ASIP the iaitiil 
•mufacturinc quality aitement of the A-7 
itncture uaa conducted to detenine the laxLeue 
fixe of iuitial flav that could be epected la 
the fleet. Ii|bt copooe cootaiaiai a total of 
U hole! uere cut frou the loner uiai akin of a 
lou-tiM (690 fliiht hour*) A-7. lach coupon uai 
fatigue teuted utini a aodified coontant 
aplitude agactruu until flaua developed and 
propaiated to failure. Each hole um broken open 
after failure to ruuel mbcritical cmcka. 
Fractocraphic aualyiin traced the grouth of each 
crack backuardn in tiue to obtain itn initial 
size. A toUl of tH initial flaui uere 
identified and fractographically neaiured. Ihp 
reiulted frou both nechanical and chetical 
proceenioc. After initiai fiau tizee uere 
detemioed, the data uere ntatiaticaliy 
evaiuated. A log-nornal probability distribution 
uas entinated frou the initial fiau niie data. 
Seven hundred bolei per aircraft uere located in 
potentially critical areas, uith approiinately 
SOO A-7's in the fleet. Therefore, the nuinun 
fiau in any one hole in this fleet uae assuied 
to be that uhich occurred less than once in the 
350,000 holes. Based on the statistical 
distribution and a 9SA confideoce bound, the 
fiau size uas ettinatcd to be 0.0015 inch. This 
statistially derived fiau size uas 
siinificaotly less than the Air force 0.0050 
inch initial fiau size used for crack grouth 
evaluation and provided the confidence that a 
conservative fiau size criterion had been 
selected. The choice of the 0.0050 inch fiau 
size criterios during this progras uill uaintain 
confidence that A-7P safety of flight uill be 
assured by use of a sufficlentiy conservative 
criterion. 

2.2 CriUtiA SttKttrt StiKtiiig 

2.3.1 Critical Location Selection 

Of prisary iportasce in the durability and 
dasage tolerance control of structure in any 
vehicle, uhether it is sculy dasignnd or upteted 
as in the case of the A-7, is the identification 
of potentially critical lecetioui. The selsction 
process for this update is a cosbiaation of 
choosing those previously picked during the 
original ASIP and choosing additional locations 
based on current taardoMi resuiU, Air Idrce aad 
lavy field inspcctios results, FM, asd A-7 
service Ustoiy. 

2.2.2 Original Locatioas 


critical areas uere identified by revieuing: 
service history, aaterial type and thickness, 
stress analysis narglns, fatigie analysis 
aargins, static test results, fatigue test 
results, stress concentration factors, test 
failures, critical load paths, critical crack 
lengths, fastener types, lugs, stress omtosIoo 
aad non destructive inspection progras results. 

These potentially critical areas for the A- 
7 uere systesatiully reduced by retaining only 
prisary structure, structure that uas 
imeconoaical to repair or replace, and structure 
that uas deesed safety of flight, and 
eliaioating areas that did not lead to cracking. 
These locations are defined in table 1 and are 
pictorially located in figures 1.1 through 1.3 . 
(Fig. 1.2 - appendiz Al) 


iMilriaiiia m cilTfcM UDnau 



Figure 1.1 
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The Initial scluction process hega rith Figsre 1.3 

the original A-7D AtlP uhes over 300 poteatially 
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2.2.3 Additional Locatioaa 

Bated priiarily on the teardom rewlts and 
field iotpectioM, additional potentially 
critical location* baw lietn telected. fietre 2 
(appendii Al) luMaritei tbe teardoim retulta. 
Cractint location* fell in tbree atecoclex. 

Tbe first catcfory are locations nbere bi(b 
bolt load transfer occurs. At spar caps end, tbe 
cap aaial load suet be transferred into tbe sbin 
and a fastener load peakini effect occurs at tbe 
end fasteners. Itch of tlMse locations wre 
added to tbe potential critiul location list. 

Tbe second catesory are locations of bi{b 
streu. These bot spots wre also identified by 
n and lie pristrily in tbe rear spar near uini 
station SO.O tbrouib 33.7 and at fastener boles 
is tbe third tbrouib tbe fifth intenediate 
spars sear ulni station 32.2 . Locations in 
these amss sen alrasdy selsctad in the 
oriiissl ASIP, hsasyer, adUtional loutions in 
these losns sere added to tbe list for a sore 
cospiste corntfi. 

Tbe last catafgry of crackim idsntified by 
the taerdesB art «tts that bonad tbs bifh 
stress artas and an nntitled secnaduy critical 
Iscatioas. Only tUy flaas sen detactad ia 
tbtst areas (aa the order of 0.001 tbnu|b 0.00$ 
MM, sach SMlltr tbst cib be ditactsd by 
•11. AddiUoaal potnatially critical locstloas 
stn Maatified ia tbaM innts so that the 
citaat of crackisi csaM bt beaadsd 
aaalyticslly. 


The effectiveness of any aiiitary force 
depeads in part on the operational readisass of 
tbe seapon systcas. The silitary airplane is a 
ueapon systea, and one of tbe sajor iteas in 
that systea is tbs structure. The structun of 
tbe A-7 airplane has to be evaluated. Ibo tools 
tbe eminea has available to help perfors this 
evaluation are Durability and Dannir Tolerance 
(D A DT) Asaessaeots. Dsinc tailored criteria 
based on A-7 characteristics, one can be assured 
that tbe airplane sill be both ecoaoaical and 
safe to fly. 

Durability addresses ecoooaics. As it 
considers sveraie usaie, averaie eovironseot and 
averaie types of crack troutb, it predicts tbe 
ecoocaic life of an airplane or fleet of 
airplanes. Daaaie toleraoce addresses safety. As 
it coasidtn severe enviroaaent and racue types 
of crackinc, it predicts inspection intervals 
uitb safety factors included. 

3.1 A-7D Crack Tybos 

Durini tbe teardoun inspection three 
different types of crackint uere observed. 

Fisure 3 depicts these (appendii Al). The 
averaie type of crackinc the sin|le point 
initiation, folloued by tlou crack {tnith to 
faiiure. O^ioaally there uere sulti-point 
initiation of a fou points that eventually 
coalesced into a thru fiav and ireu to failure 
soaeubat earlier. On a feu boles there uere 
sulti-point initiation of nany points that 
coalesced very early into a thru flau and 
eibibited rapid |ro^ and early failure. In 
addition, froa tbe A-7 teardoun inspections, 
there sere tsice a* aaay boles uitb tuo cracks 
eaanatini froa thH tban uitb oaly one crack. 

3.2 Cwwth a.tK«fc>l«w 

To asses* the Durability and Daasce 
Tolerance of a stnicturc, crack irastb 
sethodolncy aust address both estreass of the 
crack ircath types. Fi«ar* A illustrates this 
(appeadlt A2). A stress spsctrea sbicb includes 
the effects of buffet aust be psirstsd for sacb 
potsntislly critical location. Stress iatansity 
asdels for bath thru sad part tbn andcl* aust 
be iMratad ibicb include the sffacts of belt 
load, letardstioo psraaitsrs ubicb iaclud* tbs 
tffact ol buffet aust be obtaiasd by test. 

Thsse, tocstbsr uitb a crack craath procna, 
should accarataly prsdict crack irm^ froa 





initial quality to failure (or both ailti- 
initiation thru fUuu anh iiu|la point 
initiatiou part thru flaw. Only than, uith 
defined criteria, can ecoanic liuci and tafety 
linita he eitabliihad. 

3.3 ftirabilitv Crituria 

The foliouim criteria hae been entablUhed 
for the durability aneeaeot for the h-7 tSIF 
update. For each poteatially critical loution, 
calculate the tiae it tehee for tuo part thru 
flaw to irou froa an initial quality tiu to a 
functional iapairawt ii» under baeelint utate 
uith buffet in a lab air envirooaent. This uill 
establish the ecoooaic life of that location. 

For a typical bole In the louer uln( thin, the 
functional ispairaent flaw siu is 0.06 inches, 
the theoretical sise fuel leakace. This size is 
also econoaial to repair. 

3.4 ^‘llfTinT riritfTii 

The follouint criteria hu been established 
for the daaete tolerance assetsaent for the h-7 
ASIP update. For each potentially critical 
location, calculate the tiw it tAw for tuo 
part thru rtwtc flaw to (rou free a detectable 
size of O.OS inches to failure under baseline 
usaie uith buffet in a severe enviroonent. Also 
calculate the tiw it takes for tuo thru rofue 
flaw to irou froa a detectable size of 0.02 
inchw (should have hifh coafidence of 
detectability) to failure under baseline usape 
uith buffet in a severe environawt. The 
calculation that lives the shortest life sill 
estahiisb the safety lialt of that location. 
Oividim this by a safety factor ot tuo uill 
provide an laspactioa interval uUch uill alioa 
at lewt tuo opportuaitiw to detect the flau 
before it becoaw critical. 

3.5 latMLfiMtt tWHi 

The coaputar pruirw *DICKr aw used to 
perfota crack fcouth prediction. It ws 
oriilaally ohUinsd froa the Air force in the 

early savaatlw and hw baw enhanced in-house 
over the years m the state of the art has 
pr oiraaaed. This pnirw hw baw used 
esclaalvaly oa all k-7 yrepwa, tha crack 
iraath date base for 1-7 parts and oonpoawts 
apaaa lni aw r fiftaw yaan. 

0Rn is an sMoastid prooadin ahick 
predicts tta prapuMea of varlow fles rinpw 
in Wiaetatal aain aidir vwlehle a^ltads 
apsctral laatti awtmatts. Ihi liSMr 
elastic fracture ■rhwlrs affreach calcelatw 
ths strasB iitwsity for aach aia-wi straw 


pair as it passes throuch the strew sequence, 
aakes adjustaents accordinc to the retardation 
load interaction aodel if a plastic zow ezists 
froa a prior overload, and thw deterainw the 
increaentel crack tro^ usini established 
irouth rate property for the liven wterial. 
This procew is autowticaily repeated until the 
critical size is reached. 

4 MATniAL PMMPTIK 

Material properties required for a crack 
irouth analysis are prouth rates, fracture 
touphness (or critical stress intensity values 
if the failure is in plane stress), and 
retardation parawters (for use in the load 
interaction nodel). 

4.1 Crack (^'oiith kate« 

Crack propapatioo behaviour for wtals is 
norwlly defined in curves piottint the trouth 
rate (da/dR) versus the stress intensity rame 
(k). The irouth rates used for the A-7 ASIP 
update are the saw as thow used durinp the 
oripinal A-7 ASIP (teference 4). Tears of 
testini and correlation have verified thew 
curves, lecent testini durinp the teardoun phase 
have also verified thew curvw. The data is 
displayed in appendix B1 and B2 . lAere needed, 
curves are also provided for different values of 
critical stress intewitiw (Kc), w this value 
chamw uith thicknew for the various 
locations. A curve is also provided for the 
steel strap at IB24.6 (location AO). The prouth 
rates used for severe coviroewot uere 
established by definim a curve half uay betueen 
lab air rates sad rates for issetsioo in wter, 
a precedent set during the original A-7 ASIP. 

The crack grouth ptogrw utilizes the 
Foruan Iqwtioo to defiw the grouth rate 
curvw: 

da/di * C(* kl" / ( (l-l)kf-4kJ 

um C, n, and k{ are cowtants for each curve. 
T* is the strew ratio uhich the Forsan 
equation usw to vary the grouth rate for 
different conbiwtiow of nin/Wz strew pairs. 
For a bettw fit, PKKI tnquirw tuo sets of 
the above constews; ow for the loner and ow 
for the upper portion of the curve. Also shoun 
are valuw for k thnskoldi ^ •tnw 
iotewity range belou uhich no crack grouth uill 

OCeVTv 
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Toutboeit it a property Hhich is a aeasure 
of a aaterUrs ability to resist faiiere. It is 
a value required in a residual streofth analysis 
for detwiinim the critical, or failint, flau 
size, fracture touihness (Kjc), for plane strain 
failures, and critical stress intensity values 
(Kc), for plane stress failures, ueie obtained 
free the ori(ioal 1-7 ISIP (reference 4). Data 
is shoun in fifure S. (^itical stress intensity 
values for steel uere obtained fron the Daiage 
Tolerance Design Handbook (reference S). 



ficure 5 
4.3 ketardation 

The effects on crack frovtb under the 
influence of variable loadinf have been 
investifated for note tine. It is know that 
peak overloads uill blunt the aack tip and 
retard crack (routb. DICKl uses the ’Hbeeler 
Eetardation’ nodel to aathesatically r^resent 
this response, in essence the sodel loners the 
frowth rates for cycles follosinc an overload 
until the flau irons throuih the zone yielded by 
the overload. The nsoust of this reduction is 
characterized by the Hbeeler V paraneter. This 
oust be detemined by test, since it is a 
function of both spectrvs type and naterial. The 
retardation curves for 707S-T6 aluniniun that 
Here developed durim the testiai phase of this 
profran are shoun is fifne 6 (app^lz k21. 

Data points fros both the second intcnsdiate 
spar tests and rear spar tests are plotted. Ika 
curves are uell defined and sill be uaed for 
each location tbs loner sine skin, ds sboan, the 
Hhaeler V varies nith tba nazinus stress is 
the speetTM and flan shape- fc retardation sas 
asaansd for aagr coapoaents nadc nith steel. 

Stress intaasity nodcls for aost 
potantially critical loutiena in the h-7 have 
bean developed and mlf M Ip coi«ss and/dr 
cenpenast testim duriai the ori|iasl i-7D hSIP 
(rtfarenca 4) and dwiai the tastim phase of 


this profraa. Por those that have not, cloaed- 
fors solutions for stress intensity factors sere 
obtained unini the conputer propaa BUB 
(reference 6). Por the siaple cases, these 
solutions are quite accurate. Por nore coaplez 
cases Hith load transfer, these solutions are 
extended by the coaputer routine usim the 
nethod of superposition and tend to be 
conservative since no load is assuaed 
transferred by friction. Sipnificant life 
increases uere deaonstrated by claap-up 
resultini in load transfer by friction durim 
the 2nd Intersediate Spar Testim- Output uas 
then plotted in the fora of unit solutions. 

Durability addresses the econosics of the 
structure. It is the ability of an airfrane to 
resist crackim lot a specified period of tine. 
This crackim oaa be brouiht on by stress 
corrosion, hydropen eabrittlenent, corrosion,, 
Hear, etc. lor uhicb established sanufacturim 
controls or pood desipn practices are in-place 
to prevent. Crackim can also occur iron snail 
flaus inherent in the naterial durim 
sanufacturim, often called initial quality. 

The econonic life of a cospooent is the 
tine it takes a flau to pros fron initial 
naterial quality size to a size causim 
functional ispainent of that conponent. 

As discussed in the durability criteria in 
Section 3, the initial viality used for existim 
structure uas O.OOS inches, a value resultim 
fros an evaluation propran conducted durim the 
oripinal A-7 ASIF and verified durim the 
testim phase of this propras. 

Punctional ispainent refers to a loss of 
function, such as fuel or pressure leakape, 
cospressive instability, sipnificant load 
redistribution or in nose cases failure. For 
instance, the functional ispairasnt flan size 
for location AO is illustrated in Fipure 7 



A) UB. IB-32.2 t Stk tstsraeiitu Snir 
iscaties At 
FifMTI 
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can lie detected before tbey becoK too larfe to 
repair. 

The follovini location exhibit econoiic 
livee less than 6000 HI. They represent the 
hitbly loaded rear spar set holes and the 2od 
throuih Sth intersediate spar ends. 


8) Dry (tab) hole at Rear Spar 
Location A7 


tear Spar 


Fifure 7B 

At this area the vine is net (forss the 
lover portion of an intecrai fuel tanli). The 
hole in the skin is countersunk, and at the 
bottoa of the counterskin is a counterbore uhich 
contains an 0-rin( to prevent the fuel fros 
leakini out of the uing. If a flau greu fros the 
counterbore-to-shank hole interface, fuel could 
possibly seep around the O-ring and leak fros 
the uing and the skin uould then have lost its 
function of preventing fuel leakage. For this 
location the functional ispairsent flau size uas 
set at 0.06 inches. This flau size is the 
theoretical sinisus for leakage and is probably 
conservative. Another exasple is the functional 
ispairsent flau size for the dr<' ‘.al hole at 
the rear spar. Figure 7. It uas set at the 
critical flau size, a poir.t b.tueen the fastener 
hole and edge, uhen the flau wnt unstahle and 
the ligasent uas los'.. This Is also conservative 
in that 'function' of the tab is not lost even 
at this size of flau. 

S.2 Crii-k Srouti i kmlvgig 

During the original A-7 ASIP, all crack 
grouth predictions for the durability analysis 
uere perforsed using lab air grouth rates. This 
assusption uas considered Justified since the 
econosic Unit is an average situation rather 
than a safety of flight or extrese situation. 

For the update, this precedent ms follomd only 
at locations uith very smil functional 
inpairaent flan sizes (< 0.06 is.), uhere 
environnent should not sipificantly i^t the 
gronth rate. At locatloas uith largsr fiactioaal 
inpairaent flau sizes (> 0.06 in., such as the 
siof fold rib or sing attach lug), analysis sere 
parfoned in a sews onviroaMt. 

SSmary of Durability Analysis lasulu can 
be seen in appaodia C. 

incatioM uith anra than 6000 M but lasa 
than 8000 FH of eooaiaic life are IB uith 7400 
n and U4 Bith 7075 IR. At each tham 
locations, it tabss sear 3900 H for flam to 
groH fros a detactahla siaa (0.03 in.) to a 
repairahle sim (0.06 in.). If inspactioas are 
p^oraad at istervals lam thm 3900 FH, flam 


Loc 

Icon 

Life Hole Huaber 

AS 

5900 

1433-1442 

AP 

5325 

1433-1442 

A3 

5475 

1418-1432 

AID 

5300 

1418-1432 



25 Holes 



Spar Ends 

Loc 

Icon 

Life Hole Huaber 

A2 

4175 

4488-4488 

A3 

5995 

542-544 

A4 

5500 

619-621 

AS 

5400 

698-700 



11 Holes 


A sininua expense for enhancing 36 

holes/side, along uith scheduled ingpections. 
can result in an airfraae econosic life in 


excem of 8000 FH. 

Daaage tolerance addresses the safety of 
the structure. It is the ability of the airfram 
to resist failure due to the presence of flam, 
cracks or other daaage, for a specified period 
of unrepaired usage. These cracks can be brought 
on froa Initial mtarial qmlity flam through 
noraal usage or rogm flam such as nicks, 
scratchm, gouges, and corrosion, through 
mintenance actions. Hhatever causes the onset, 
the structure aunt be dmagt tolerant. Daaage 
tolerance analysis deteraines the safety Unit. 

The safety Unit of a coapooent is the tine 
it takes a rogue flau to grou to the critical 
flau size. The reconaended inspection interval 
to insure the safety is usually rat at one half 
the safety lisit. This sill provide tuo changes 
to detect the flau before it reaches a critical 
length. 

5.3.1Initial Begse Typm and Siam md (tesidual 

Streigth 

As discussad la the criteria in Section 3, 
than are tm fim ^rpm (part thru frea single 
point initlatioa and thru fna miti-point 


i 
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initiatioo). The rogue flau sizes used for the 
dasage tolerance analysis are O.OS inches for 
the part thru type and 0.02 inches for the thru 
type. These are considered detectable sizes at 
inspection based on the geoaetry and location of 
each potentially critical point and the 
inspection techniques avsilabie. 

lesidual Strength refers to the ability of 
a structure to uithstand failure in the presence 
of an unusually large stress. For this update, 
this is defined as the stress due to a load that 
occurs once in tuenty lifetines (one lifetine 
uas assuaed as 6000 FH). In other vords, only 
one in tuenty airplanes uill see this load in 
its life. This requirenent is used for structure 
considered in-service noo-isspectabie. This 
stress need be no larger than 1.2 tines the 
design Unit stress, houever, it shall not be 
saaller than the design Unit stress. 

5.3.2Craclt Crouth Analysis 

During the original A-7 ASIP, all cracit 
grouth predictions for the daiage tolerance 
analyses uere perforied using a severe 
environaeot (i.e. grouth rate assuaed half my 
betueen lab air and iaMrsion in the uater). 

This assuaption uas considered justified since 
these calculations considered safety. For this 
update that precedent uas folloued. 

Daaage tolerance analysis required 
generation of crack grouth curves froa the rogue 
flau sizes to the critical flau sizes for the 
baseline usage. The shortest safety liait for 
the louer skin at US2A.6 at the rear spar is 
1800 FH for the thru type of rogue flau. 

Applying a safety factor of two yields an 
optiaua inspection interval of (1800/2) : 900 
FH. This should give two opportunities to detect 
the flau before it becoaes critical. 

Suaary of Daaage Tolerance Analysis 
Results can be seen in appendii C. 

The follouing locations have safety liaits 
less than 3800 FH. These are all located along 
the rear spar. 

Rear Spar Attach Rib Holes 

Loc Safety Liait Hole Huaber 

AC 1800 1A04 

1A06-U17 
13 Holes 

Rear Spar Het Holes 
Loc Safety Uait Hole Huaber 


AR 

2270 

1433-1U2 

AT 

2100 

1433-1442 

A8 

2180 

1418-1432 

AID 

2040 

1418-1432 


Rnhanced 

for Dur. 


Rear Spar Dry 

Holes 

Loc 

Safety Liait 

Hole Huaber 

A7 

1920 

1546-1552 

A9 

2050 

1525-1544 


27 Holes 

The ainiHS safety liait is 1800 FH defined 
by location AC, rear spar skin boles just 
outboard of the attach rib. Oaing a safety 
factor of two yields an inspection interval of 
900 FH. 

Assuaittg the rear spar uet holes are 
enhanced for econoaic purposes, enhancing only 
AO additional holes per side can increase the 
safety liait of the airfraae to 3800 FH 
(Location AO); resulting in a ainiaua inspection 
interval of 1900 FH. The cost avoidance by 
eliainating a 900 FH inspection interval aould 
justify the enhanceaent. 

The aajor objective of a daaage tolerance 
analysis is to identify the Strwture that needs 
to be inspected, and then recoaaend inspection 
intervals and techniques to ensure that 
structure is safe to fly. These recoaaeodations 
fora the basis of the Force Structural 
Haintenance Flan. 

6.1 i^rltinl Ifnatim SiMn 

A critical location wary is tabularized 
in appendii D. These locations will require 
interaittant inspection to protect the safety of 
the airplane. Also included in the Table are 
critical flaw sizes. The crack growth for all 
locations transition to thru fiaua before 
critical lengths art macbed aitb the ezeeption 
of location AC, the akin at the rear spar near 
H52A.6, the uingfold rib and the wing attach 
lug. The akin and wiagfold rib can fail as 
cither a part thru or thru flaw, depending on 
whether aalti-initiation occurs. The aing attach 
lug should always fail as a part-Oru flow as 
dcMnstrated by several fall scale tests daring 
the origiatl ASIP aad reiatsd iWT progras. 

6.2 trtur..!. ^ 
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bdt A-7P pfaved to depot takes an ASIP 
intpectioo at all poteotially critical 
locations. A sdteie have beat aade to identify 
those airplanes nith the larpest risk and phase 
those into depot first. After this, optiaa 
intervals are defined to suhsequent inspection 
to control safety. It Mst be stressed that 
these intervals ate in tens of l^ted Baseline 
(UB) flitht Houn. The A-7F trackint protras 
Bust be able to convert individual aircraft 
usafe to UB Pli<ht Hours. 

An optiMi inspection interval for each 
critical location uas obtained by dividint the 
shortest safety lisit by a safety factor of tuo. 
This gives tuo opportunities to detect the flat 
^ore it becoees critical. These are tabulated 
in appendix 0. Also included for infonation are 
surface eddy current inspection intervals, based 
on a surface detectable flat site to failure. 

The shortest optisu in-bole eddy current 
inspection intervai is defined by a rogue thru 
flau for the iouer uing skin at the rear spar 
outboard of US24.i, location AC. The interval is 
900 re. Choosing the nearest interval for other 
locations uithout going over the optisus 
interval yields the recoeeeodations sboun as 
Option 1 in appendix E. A sajor inspection uith 
uing resoval every 1300 FH uith intersediate 
inspections of the rear spar every 900 re is 
required. 

If the enhancenents defined in Sections 5.2 
and 5.3.2 are incorporated, the safety 
requiresents reduce to a sajor inspection every 
1900 re as defined by Option 2 in appendix D. 

Aiso included in appendix 0 are the 
recosModed inspection procedures found in the 
U-7D-36 KOI sanual. It is recosKnded that 
these procedures be updated to reflect the 
latest state-of-the-art techniques. In final 
revieu, the ASIP inspection plan for the A-7P 
has changed very little. The nusher of holes has 
increased slightly to include the Intersediate 
spar ends uhere high fastener loading occurs. 
Also, boles to be inspected around the high 
field stress locations have been expanded 
soseuhat. The sajor inspection interval has been 
losered free 2000 FH to 1800 FH uith an 
intersediate inspection of the rear spar. If 
enhancesents are perfoned, the sajw inspection 
it only reduced to 1900 FH and no intersediate 
rear spar inspections are required. 

A thorough dMHge tolerance analysis of the 
structure os the A-7P airplane coupled uith 
proven inspection techniques essure that the 
airplane can be floun safely until the service 
life of each is cosplete. 


Cospoeite of all A-7P aircraft can be seen 
bellou: 

COHFOSIIE OF AU AnOUFT 

TOTAL HOURS • 35091.5 GOOD HOURS • 2SSt3.8 

GOOD DATA OCKIAKES 
SC SC ra BG 

32SS2 63SS 8S1 294 

GOOD DATA BKXESAHCES PER 1000 HRS 
SG SC 7G SG 

1142.Sa 223.4a 30.12 10.29 


The aircraft exceedance data can be seen in 
appendix F. 

9 

The dasage Index |DI) by aircraft and year 
for the next seventeen years can be seen in 
appendix G. 

10 CONCLUSIOWS 

1 A site of 0.005 inches is still 
representative of A-7 initial quality. 

2 There is higher probability of flau groutb 
fros both sides of the hole than iron one side. 

3 The probability of sulti-point initiation 
is sufficiently high that it should be accounted 
for in aircraft safety. Hulti-point initiation 
is highly likely to occur fros dasaged holes, 
especially scratches fros fastener installation. 
This has been verified by test. 

4 Buffet cycles uere identified during the 
flight strain survey, especially during 
aanoeuvres at high angle of attack. 

5 Buffet events in the stress sequence can 
reduce crack grouth life by as such as 30 
percent. 

6 Testing provided inmased confidence in 
analytical pr^ictions. 

7 Hulti-point initiation leading to thru 
crack grouth can reduce the life by over SO 
percent. 

8 Proper length fasteners are essential to 
Ibod airfrase life. Clasp-up can increase the 
life by a factor of tuo over noo-clasped joints. 





9 Mditiooal critical locations have been 
identified. Tbese arc prinarily the intenediate 
spar ends. 

10 The niniwi econonic life is 4175 JH for 
the second intemdlate spar end holes just 
outboard of the attach rib. Enhancing 36 boles 
per side and perfoning scheduled saintenaoce 
can increase this to over 8000 FH. 

11 To ensure the safety of the airplane, a 
sajor inspection interval is required at 1800 FH 
vith intenediate inspections of the rear spar 
every 900 FH. Enhaocii« 40 additional hoies/side 
can elisinate the 900 FH inspection and increase 
the sajor inspection interval to 1900 FH, only 
slightly less than originally defined for the A- 
7P. 

12 The danage tracking prograa wst convert 
individual airplaM usage to Updated Baseline 
Flight Hours so that airplanes can be identified 
for inspections as required. 
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Appendix D 


CRITICAL LOCATIONS AND ORTXMUN INSPECTION INTERVALS 
— RASELINE USASE — 


OtMTto'Mn 


I.W1, IL-0 • SIti lii(«riM4Mt« S»«r 
IWS, K-O # Rmt itor 

LIM, • Hmt 9ov 

LWl, WS-n.l * SHi InltnnMMM 9»«r 
(.WS, vn-f3.7 * Rmt Spv (W«) holt) 
I'm, Ctnitr Mon *<• )Hi» Holt 
LW3, Cofilor Oylon Fv4 ^otl Nolo 
LWS. Inh'O Nylon Aft SM Nolo 
LWl, liih'O Nylon Nw4 Ntol Nolo 
ioomtranq Jlrop. W3>24.l # Noor loor 
Ltvor Spot Coo, WS-n.7 « Noor loor 
kuf tooo, Whi((ol4 *» (OWN) . 
lot Nolo, WinifoW Nik (OWN) 

FS4M (uHihtoO W«n« Aft AHoeh Lug 


IW 3 . W534.« ♦ lol li i liri noNI O H 500r I 
l«n, WU4.« 0 2n« intormooioto loor | 
kWl. WU4.10 >4 inlomio4lolo Soar 
W!:4.<0 4lh IntormtOMo loor 
1*5. WSJ«.« • Sin Iniormooioio l0"r 
CWS, Ine 4 Nylon 0 2n4 InlormtOIOlo Soar 
CWl, WS-S3.7 O Noor Spar (Dry holt) 
IWI. W5-S0.S 9 No* Spar (Wol holo) 
IWl, Wl-SN.l ♦ Noor Spor (Iry nolo) 
lovor Spar Cop. WS-M.O 9 Noor Spor 
iwl, ws-n.j • 4ih lnlomio4ltlt Ipor 
LWl, Cnir Nylon 9 III imamtoNlolo Soar 
kWl, Wl-12.2 9 M InltmtOltio Spor 
IWS. W5**N,0 ♦ 4N» InlormoOltlo Spor 


• Oooo not tnchiOt coniowoif Oo w oti 
M Hiiniktr In poronNlotla lo Nort Thro Crllicol ftov aIzo 
All olhoro art Thro trlHoal flow oWoo 
“ Sorfoet oONy oorronl W o pii t li h i 4o nol apply 
« NN - «p4ala4 Naaalina NII^ Nparo 


InHwIo taOy Curronl 
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Appendix E 


RCCOHmNOED INSPECTION PLAN 
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MANAGING AIRBORNE ASSETS THROUGH LOADS MONITORING 
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Loads Booicoring was a corneracona of tha Air Porca Structural Integrity Prograa froa 
its inception. But the high cost of new syateas has provided a new need for the 
prograa. It provides the hard data that is required by the systeas aanager to 
deteraine the econoaic Life of their aircraft and the aost efficient allocation of 
aircraft to aaintain optiaua operational capability. Continued advances in solid state 
aicroprocessors and integrated software along with advances in storage aedia should 
enhance the capability of the overall prograa. 


1. INTRODUCTION 


As a result of a rash of fatigue related failures on aircraft structural components in 
the late 1950's. the U.S. Air Force developed an Aircraft Structural Integrity Prograa 
(ASIP). It was established as a requireaent by the issuance of Air Force Regulation 
BO-'IB in 1969. This regulation establishes the chain of coaaand for the aanageaent of 
the ASIP prograa for the Air Force Fleet as shown in the Figure 1. The regulation 
outlines the entire program in teras of responsibility such as purpose, funding, 
required ail-specs and data to support this type of effort. The technical backbone of 
this effort is contained in MIL-STD-1530A and AFCS-87221A which describes the effort 
required for the prograa. Table 1 illustrates the scope of this effort. Perforaance 
of these tasks will identify the critical areas of the airfraae and establish the 
inspection/aodification requireaents for thsa. This inforaation is necessary for fleet 
aanageaent. However, it is the Individual Aircraft Tracking Prograa (lATP) and the 
Load Environaeot System Survey (L/ESS) that provides the actual usage data that 
establishes the schedules for aanaging the force for using coaaands such as Tactical 
Air Coaaand, Strategic Air Command, Air Training Command, and Military Airlift Coaaand. 

The paper will cover the following topics related to the aanageaent of Air Force fleets 
such as replaceaent coats for current assets, installation of new recorders on old and 
new aircraft for loads aonitoring, standardisation of loads recorders, data 
presentation, design consideration and future recording systeas. 


2. ASSETS 


The ASIP has reduced the number of fatigue related failures but time and events have 
increased the replaceaent costs of aircraft through inflation and technology 
enhanceaent. This fact has increased the importance of extracting as much useful life 
out of airfraae structure without reducing safety of flight because of high replaceaent 
costs. The following two examples, one of a cargo aircraft and the other a fighter 
aircraft will be used to illustrate the increased cost factors. The first example is 
the C-$A manufactured in 1971 at a cost of $36.per copy for airfraae and engines. 
Later, the Air Force decided that additional aircraft were needed for the airlift role. 
The production line was reopened, and in 1988, the C-5B airfraae and engine costs were 
$ 111.7M per aircraft. This effort did not include some of the typical tooling and 
development cost associated with a new design but did include a new wing. The avionics 
were also upgraded at a cost of $23H. The product iaproveaent presents a delta $100.2N 
increase over Che original cost per aircraft. The second example of this cost increase 
is illustrated in the production of the F-16 from 1973 to present. Table II represents 
the USAF production costs for the F-16 with product iaproveaent. The chart shows a 
base line cost of $A.1H for the F-16A in 1973 and a current coat of $11.3H in 1990. 

The delta cost increase in the production of the F-16A is $7.2)1 along with attendant 
product iaproveaent. Cost increases such as these are putting increased pressure on 
the Air Force to extract as auch life out of these systeas as possible through use of 
the ASIF. 


3. LOADS WOHlTOtmC 


Loads aonitoring is uaed by the A81F prograa to record the actual usage of aircraft so 
that Che life of the airfraae can be aeasured against the original design paraaetera. 
The prograa has worked well, but aoae of the recording equipment haa beeoae obaolete 
because of the extended life of the airfraae#. Two examples of this are the Vhittaker 
Recorder used on the F-111 and the more coaaonly uaed Conrac MXO 533A. The 
manufacturer for the F-111 recorder meat out of buaineaa and no spare parts are 
available for repair. Air Force Logietica Coaaand (AFLC) aaintenaace haa kept them 
working, but the recorder life ia limited through attrition. The F-ltl still is an 
active eperacionat aircraft chat neoda loads monitoring because it has unique 
capabilities that are eeonoaieally difficolt to replace with a new aircraft. 

The other exaaple is the MRS 933A which is used on the A-10, 1-3. C-130, F-S, F-15 and 
F'^li. It has the capability of storing IT aegabytea of continuous data on an 8 track 
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tape. The data on the tape haa to be traoacribed and reformatted to be ^'ompatible with 
AFLC coaputera vhere it la coapreaaed to a ratio of 30 or 40 to one uaing apecial 
prograaa depending on aircraft type. 

The recorder waa originally intended to operate in a 7.33g environaent and waa not 
redeaigned to operate in the expanded 9+g flight envelope. The recorder tape drive and 
recording heada were not capable of recording data conaiatently in thia severe 
environaent. Its aajor faults have been short frames (data lacking on the tape), 
parity errors (timing was off and data could not be transcribed from the tape) and the 
recorder aay be broken for aix aonths before being reaoved (AFLC takes three to five 
aonths to process the data). Thia has given the Air Force the impetus to investigate 
the use of solid state aicroprocessor recorders on new aircraft. The first aajor 
system to develop a solid state microprocessor recording system, was the B-IB. It is a 
500K S-bit microprocessor with Electronically Ersasable Programaable Only Memory Chips 
aanufactured by Electrodynamics. The recorder currently handles 120 L/ESS, 28 lATP, 

128 Mishap and S engine parameters. Software in the computer compresses the data so 
that only useful data is stored in memory. Once the memory is filled, the data is 
extracted, placed on a floppy disk and sent to AFLC to be reformatted and analyzed. 

The advantage of thia system is lighter weight, solid state reliability, 
reprogrammability, and low power requirements. A derivative of this recorder was 
developed for the T'-AbA but the program was cancelled. Many recording systems are now 
available for use on aircraft and have similar capabilities. 


4. STANDARDIZATION 


In order to prevent a proliferation of solid state microprocessors on aircraft, the 
F-16 SPO and the Avionics SPO started a program to develop a standard flight data 
recorder which would replace the MXU S33A on the P-16 and provide a replacement 
recorder for sixteen other aircraft which currently have obsolete recorders. The 
original concept was to use F-16 design requirements and a draft Tri Service 
Specification to design the Flight Recorder. The program turned out to be very complex 
due to the age of the aircraft involved, local environments for flight recorders, 
instrumentation available and method of analysis. Two major studies had to be 
performed to resolve the issues on vibration environments and parameters. The 
vibration study consisted of surveying the recorder location on the aircraft and 
comparing the local vibration spectrum to that for the Standard Recorder. One example 
of thia deviation from the standard vibration spec can be found in the A-7F vibration 
spec at the flight recorder location which necessitated use of shock mounts to reduce 
the PSD spectrum to design requirements (see Figure 2. Endurance vibration requirement 
SAU-YA-7F). The A-7P was not an isolated case, so the recorder had to be modified in a 
simitar fashion for the other aircraft. The other issue related to the number of 
parameters and their associated aircraft instrumentation which was the result of having 
16 individual ASIP programs of varying complexity (see Table III. Number of signals 
versus parameters and Table IV. Parameter errors versus aircraft). 

The span of these psrsmeters range from 240 for the C-17 to 7 for the T-43. The tables 
show some of the technical difficulties present in the old system that had to be 
compensated for in the new system by software. Also, the data had to be collected in a 
format suitable for use by the system managers. 


5. DATA PRESENTATION 


The collection of data is very important, but the presentation of the data allows the 
managers instant access to the status of the particular Mission Design Series aircraft 
he is responsible for. Two reports are generally available, the L/ESS and the lATP 
report or a single report called s Service Life Monitoring report. The lATP is s 
technical document which describes the areas where cracks will occur, describes the 
analysis approach used to mstbemsticslly grow the cracks and contains crack lengths for 
various location. The L/ESS is s useful to the msosgers because it shows how the 
aircraft are being used. It has numerous forms of usage data (see Figures 3 through 
3). It allows him to assess usage by air base and mission and make recommendatons for 
on aircraft inspection, rotation, maintenance, and operational usage. The data in lATP 
quarterly reports can be tailored to meet operational and maintenance needs. In 
reviewing DS Air Force reports, you will see variations in the data presented in these 
reports based on the command and mission of the aircraft. The format for the reports 
are developed during the early production phase of the aircraft. It is a coordinated 
effort between Aeronautical System# Diviaion (ASD), AFLC, and the contractor to develop 
the format, analyaia, data storage and data retrieval for the reports. Even though the 
data has historical value, it is used for other purposes than loads monitoring. 


6. DESICN 


Loads data is not only usad to evatuata currant aircraft, but can ba uaed to develop 
design criteria for naw aircraft. Cenarally, data ia provided in AFC8-87221A for the 
various typa aircraft, e.f., cargo, fighter, bomber and trainer. The inforoiation 
available in this guide ia baaed on compiletion of generic date obtained on nircreft 
type and may not ba suited for a specific eyatam. The critcrie may not be acverc 
enough, or too aaverc depending on miaaion ragoiremanta. In the ease where the miaaion 
is rather mundane, the filae are searched for data, e.g., daalgn handbook, or actual 
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L/BSS reports generated for a particular ajatea. The data is reviewed and coapiled to 
generate uaage data for the new aystea. Aa an exaaple of how this inforaation ia 
applied, just recently in a Class XI aod for the KC'13S the contractor needed 
loads/service usage data. The University of Dayton Research Institute reports vintage 
1966 had the appropriate usage data but lacked landing touch and go data. We 
recoaaended the contractor use C-141 landing touch and go data on a sinilar nission 
provided in the Design Handbook to fill this data gap. This satisfied the inaediate 
need to establish requireaents. Based on actual usage, it will be deterained later 
through L/ESS and lAT how correct the original design requireaents were. Another case 
where aiteraft tequireaenta exceed previous technology, the loads data has to be 
projected beyond current design liaits, e.g., going froa 7.3g fighter like an F-4 to a 
9g fighter like an F~16. Fighter usage data (see Figures 6 through 8) is reviewed froa 
such exercises like Red Flag, or southeast Asia coabat data or the aost severe usage 
data froa air bases known to have aggreeaivc aisaions. This data is tabulated and 
extrapolated to project future usage of such a high perforaance aircraft for design 
purposes. This data has to be verified by actual L/ESS and lATP data. Generally, it 
ia easier to use the set criteria in the specs because it's use through the years has 
been proven and there ia a general acceptance of the data. The use of aore severe 
environaent froa a loads standpoint pushes the state of art which affects fatigue life 
of airfraae, functioning of internal syateaa, aoving parts, bearing lubrication, etc. 
and even pilot physiology. Detailed data is necessary to understand this environaent 
and how it affects the aan aachine interface. 


7. FUTU R E REC ORDING SYSTEMS 

The transition froa aechanical tape recorders has been aade to the use of solid state 
aicroprocesaora. These have many advantages over the tape recorder but will suffer the 
sane fate as it's counterpart, e.g. becoaing obsolete through technology advances and 
excessive replaceaent costs due to lost aanufacturing technology. The current 
preferred approach is to integrate the Flight Data recorder function into the newer 
au1tifunctional coaputers found in aodern avionics. Instead of a separate piece of 
avionics, it becoaes a software function on one or aore of an aircraft on board 
coaputers. The advantages to this approach is elimination of the need to procure a 
separate piece of avionics and the attendant iapact on Environmental Control Systea, 
tech orders, aaintenance and training. As part of flight avionics, reliability will be 
greater because it will be located in the aore desirable location in the aircraft. The 
systea, when integrated with aaintainee data collection, will be current because the 
dates will have to be collected everyday and will be updated every tiae the avionics 
suite is changed. 




TABLK Z 


9SAf airccaft atructural inta^ity program tasks 



ASlf 

NkSTSit rum 


sTROcnmu. 

DESIGN ClUTtlUA 


DAIOUa TOLEMmCS 
4 DtnuBZLirr 
CONTEOt ruuis 


SILSCTZOM or 
MET'LS, rHOCISSBS, 
4 JOXNIMG MTBOOS 


DESIGN SEEVICB 
LZrS AIR) 
DESIGN OSAGE 


Slnl 

JOINT ALLONMLES 


LOAD ANALYSIS 


DESIGN stmnCE 
LOADS SSBCntA 


DESIGN COIKZCAL/ 


STMSS AMALTSIS 


DAMAGE TOLERANCE 
ANALTSIS 


OORASZLITT ANALTSIS 
SONIC ANALYSIS 


VIBRATION ANALYSIS 
FLUTTER ANALYSIS 


NUCLEAR NRAFONS 
Err ECT S ANALYSIS 


NO N - N UCLEAR NIAFONS 

SrrECTS ANALYSIS 


DESIGN DEVSLCMCNT 
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STATIC TESTS 
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DAMAGE TOLERANCE 
TESTS 


FLIGNT 4 GROUND 
ORERATZONS TESTS 


FLIGNT VIBRATION 
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4 BVALUATtON 
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FINAL ANALYSES 


STRENGTH SUMORY 


FORCE STRUCTURAL 
MAINTENANCE FLAN 


LOADS/BNVlROIEttNT 
SPECTRA SURVEY 


INDIVIDUAL AIRPLANE 
TRACKING PROGRAM 


TABLE II 

MULTISTAGE IMPROVEMENT PROGRAM 
UNIT COST TRACK 


F-16A F-16A F-16C F-16C 

BLOCK 15 BLOCK 30 BLOCK 40 BLOCK 50 

TY$ $8.8 fym $10.6 FVM $13.0 FV» $15.6 fy»3 


FY90$ $11.3 


BY 75$ $4.1 


COST OF aMPnOVEMENT 


LOADS/BNVniOMSV 
SPECTRA SURVEY 


INDIVIDUAL AIRPLANE 
TRACKING DATA 


INDIVIDUAL AIRPLANE 
MAINTENANCE TUBS 
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MAINTENAMCB 

RECCES 


INFLATION 
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Figure 4 


Aircraft bargraphs of usage thru date 
organization location 
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AIRCRAFT AGE IN YEARS 


Figure 5 


Aircraft age versus flight hours 
date organization location 
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TOTAL FLR DATA ACCUHILATED TO DATE 



ROLL RATE - DBCSffiES/SBCOND 
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Figure 6 


Comparison of roll rate peaX exceedances design spectnan 
versus fir data for 1000 flight hours 






































24-11 


TOTAL FLR DATA ACCUMULATED TO DATE 
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Figure 7. Cooperison of nz peak exceedances design spectrum versus 
fir data for 1000 flight hours 
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APPBOACi TO CIBW T1AI«IB<5 !■ 80PP0BT OP THE U8AF 
AIBCIAPT 8T10CT0EAL lETBCtlTT P106EAM (A8IP) 

Alfoaso 6« A^oat* 

Loads sad Oyassics Eraach 
Aaroaautieal Syataaa Diaialoa 
A80/I1BF8» VrithC*-Pattaraoa Air Fores Baas OB 45A33-*6503 


SOmiABT 


Maiataiaiat tha aafaty aad atraageh of aa aircraft ia dapaadaat upoa tha capability of 
appropriata Air Fores eomaada to psrfora aaiatsaaoca aad iaapectioaa thronthout tha 
aarvica lifa of tba aircraft, Ona of tha aaiataaaaca actioa iavolvaa tha collactioa 
aad raportiag of oparatioaal oaaga data to aappert tha Loada/Baairoaaaat Spactra Survey 
(L/B88) aad ladiridual Aircraft Trackiag (lAt) prograaa. This papar praaaata the Air 
Force Approach to traiaiag oparatioaal flight aad grouad craws about their 
raapoaaibilitiaa aad tha iaportaaca of this task which ia aa iatagral part of the 
Aircraft Structural latagrity Prograa (ASIP) required by AFB-*80*^13 aad IIIL'8TB*>1S30A, 


U IBTtODPCTIOII 

Oaa of the aajor raaaoaa of aa airplaoa ayataa affactiag ita oparatioaal raadiaeaa ia 
tha uaforasaao structural fatigue problaaa aacouatarad throughout the airfraaa service 
lifa. Tha objactiva of ASIP is to pravaat thaaa problaaa by diagaosiag potaatial 
structural failuras ia tha dasiga phase* providiag a basis for corractiva actioa* aad 
pradictiag oparatioaal lifa axpactaocy of tha airfraaa oa iadividual aircraft. The 
prograa coasists of five tasks (table 1) which are: a. Task 1 -- Dasiga laforaatioa* b* 
Task II • Dasiga Aaalyaia aad Davalopaaat Testa* e. Task III - Fall Seale Tastiag* d. 
Teak IV • Force Maaagaaaot Data Package* aad a. Task T • Force Naaagaaaat. To 
accoapliah cask IV tha affect of chaagas ia usage oa aircraft aarvica life anst be 
aaaaaaad. Tbarafora* tba followiag actioaa are required: 

a. Obtaia tiaa history records of paraaatara aacaaaary to dafiaa the actual stress 
spectra for critical areas of tha airfraaa. Thaaa data are procaaaed aud aaalyaad to 
assess the applicability of tha dasiga aarvica lifa aad usage spactra. 

b« Davalop so iadividual aircraft trackiag prograa to aatablish aad adiuat 
inspactioaa aad repair latarvals for each critical area of tha airfraaa based ea tba 
iadividual aircraft usage data. Thaaa data are utilised la trackiag aaalysis aatbods 
Co predict the service lifa of each iadividual aircraft. 

Oadicatad ioscroaaatatioa aad racordiag aquipaaat aost be iastallad ia tba fleet 
aircraft to acquire these data, la tha atructuraa comoaity* tha racordiag aqulpaaat 
is typically referred to as tha flight loads da*^s recorder. Bvaa Cbougb Chase 
recorders are daaigaad toward a uaiqua waapoa ay r<^a* aost of tbaa require soae kiad of 
iotarfaca with tha flight aad grouad craw to ha able to accoapliah its iataadad 
fuac Cioa. 

Bstablishiog proper aathods of traiaiag aad aaphaaisiag tha craw raspoasibilitias is aa 
iaporcaat task towards tha goal of a aaccaaafol latagrity prograa. 


2. DOCimiBTATlOB 


Oaa of the aathods tha Air Force uses to adaeate tha craws is through suitable 
docuaaatatioa. A tacboical aaaaal/tachaical order ia writtaa for each waapoa systaa to 
provide the aacaaaary guidaaca ia regards to tha raapoaoibilicias» ebjactivaa* data 
raquiraaaats* aad gaaaral procadaraa for collactiag aad raportiog oparatioaal usage 
data ia accordaaca with the ASIP raquiraaaaca. This ■aaaal typically iacladas but is 
Bot liaitad to tha followiag: 

a. Prograa Daseriptioa •• Iacladas a hriaf daacriptioa of tha prograa hackgroaad* 
objactivaa, overall taaka aaaociatad with ASXF* iataractioa with other prograaa* aad 
applicable rafaraaeaa. 


b. Force Maaagaaaat Oparatiooal Prograaa " Iacladas all tha prograaa that utilise 
tha usage datSi each as the ladividaal Aireraft Trackiag (lAT) prograa aad tha 
Loada/Baviroaaaat Spectra Survey (L/ES8) prograa. Also syataas/data baaaa that support 

aad update thaaa prograaa should ha dafiaad* each aa aaiacaaaaea aad stataa accooatiag 
syataas. 

c. lardwara Daacriptioa — Iacladas a daacriptioa of tha flight loads data 
recorder* all iaatraaaatatioa dedicated to tha recorder (a.g.* strata gages* 
accalaroaetara, ate.)* support eqaipaeat each aa data eatractioa aad procassiag 
aqaipaaat, aad all paraaetera •eaicered hy the recorder, iaclediag aaalyaia ■ethoda, 
aaopliag rates aad data aaarcaa (table 2). 


d. Data Flew Iacladas a deseriptioa of the varioaa aleaaato of the force 
ageaeat prograa each aa iapat aad data collactioa, data proeaaslag* data aa 



is. 
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«nd forc 0 mMaMgammat raportiag. 

e. functiooal/Naiiageacat leapoaaibilitiea — laeludea * brief deacripcioe of the 
orgeaiaetioae aad office* iaterfeciag «itli the pcogrea, ead their reepoaeibilitiea• 
lacludee orgeaisetioae with overall ASIF reepoaeibilitiee duriag aad after acquiaitioa 
of the ayatea, air coBBaada« operatiog baaaa. depot aaiateaaace orgaaisatioaa» aad 
aaaociated coatraetora. 

f. General Procedarea — tacludea the criteria and procedure* for 
eatracciag/dowaloadiag data, data tranacription, diapoaition of data, data retrieval 
and reporting froa aaiateaance and atatua accounting ayatema, and naiatenance of A8IP 
hardware. 

3. APPIO VISOAL 

Audio viaual prcaeatatioaa are another ■ethod need to inatruct and prepare the crew* 
toward* their reaponaibi1itie* aad proper procedure*. Training fils* have been 
produced depicting crew* perforaing the atap by atep taaka aaaociated with the 
collection and proceaaing of flight load* data. Theae video* could alao be uaed to 
deacribe the following: 

a. SuBwary of the technical Manual/docuaentation contents 

b. Rew equipaent and procedure* 

c. Benefit* of new syateaa 

d. How ia the load* data going to be uaed an how it relate* to aaintenance 

An advantage of creating video preaentationa ia the re-education factor. Since crewa 
are often rotated to perfora different aaintenance task*, peraonnel unfaailiar with 
their new reapon*ibi11tiea can be brought up to apeed relatively eaay by ahowing thea 
Che training lila*. 

4. MOTIVATION 

Maintaining a poaitive attitude within the aircrew* toward* the collection of flight 
toad* data ia another iaportant factor that needs to be conaldered. Maintenance 
peraonnel are often discouraged by aoae of the problem* that tend to plague tone force 
aanageaent taaka, such a* the reliability of the reeordeca, inoperative 
aenaora/inatruaentatioc, and unavailability of supplies (e.g., blank tapea/disks, 
fora*, etc.) 

An approach uaed by the Air Force to activate and aaintain the crew* inforaed is 
through feedback. A atatua report ia provided regularly to each operating baaa on 
iteaa of iaportance found during proceaaing of the flight load* recorder data such as 
data collection etatiatice, recordara aalfunction, and faulty aenaora/inatruaentation. 
Figure 1 and tabla 3 arc exaaplee of bow tbeee date are presented. The report can alao 
be uaed to provide inforaetion about flight envelope escursiona (fig. 2), and requests 
for aainccnaoc* actions on recorder* and sensors. 

Another technique need to increeae crew interest and get thea involved is through 
active participation. Feriodic force aanegeaent aeeting* are held to discuss topics 
such aa hardware end software atetua, date collection perforaance, program 
aodifications• and docuaentation atatua and changes. Field personnel are encoureged to 
ettend thee# aeetinga In which they can provide valueble feedback in regards to tha 
procedure and potential problem arcae. Theae meetings can help them reeliae the 
importance of their work to the purpose end overall objactivea of ABIF. 

5. MCOmURDAHOR 


The collection end reporting of operetionel ueege date ia one of the aeat important 
taaka towards the validation of the aircraft daaign service life aad naaga apectra, 
aad progooaticating the reaaining etrwctwral life of aajor coaponeneta of aach 
aircraft. Training aathoda and motivational techniques ahonld he eatebliehed end 
availeblc at the tiae of operational rcediaeee end should be continuously applied 
throughout the aircraft service life* 
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PARAMETER MODES 


PARAMEIER 

MODE 

LESS lAT 

ANALYSIS 

METHOD 

SAMPLE 

RATB/SEC 

DATA 

SOURCE 






OROSSWBiailT 

X X 

TH 

2 

ACl 

CENTER OF ORAVITY 

X 

TH 

2 

ACl 

ALimiDe 

X X 

TH 

2 

ACl 

AlRSnBD 

X 

TO 

2 

ACl 

MACH NUMBER 

X X 

TH 

2 

ACl 






PnCHRATB 

X 

PV 

10 

ACl 

ROLLRATB 

X 

PV 

to 

ACl 

YAW RATE 

X 

PV 

10 

ACl 

PnCM ACEBLERATTON 

X X 

PV 

10 

CALC 

ROLL AOaLERAITON 

X 

PV 

10 

CALC 

YAW acceleration 

X 

PV 

10 

CALC 






LEFT HORlZONrAL STAR POSmON 

X 

TH 

25 

AC2 

RIOKr HORIZONTAL STAB. POSITION 

X 

TO 

25 

AC2 

LEFT INBOARD SPOILER POSITION 

X 

TH 

25 

AC2 

RIGHT INBOARD SPOILER POSITION 

X 

TO 

25 

AC2 

RUDDER POSITION 

X 

TH 

25 

AC2 






LEFT HORBOirrAL STAB. STRESS 

X X 

PV 

30 

AC2 

RKBIT HORIZONTAL STAB. STRESS 

X X 

PV 

30 

AC2 

WIND STATION »l STRESS 

X X 

PV 

30 

AC2 

WIND STATION m STRESS 

X X 

PV 

30 

AC2 

FUSELAOB STATION XM STRESS 

X X 

PV 

30 

AC2 

FUSELAGE STATION 34S STRESS 

X X 

PV 

30 

AC2 






WEKmr ON WHEELS 

X X 

DSCR 

1 

ACl 

AIR MTUEL DOOR 

X X 

D6CR 

t 

ACl 


ACl AmCSUFTCCMWIER 1 

AC2 AIRCRAFrcOMPinCRl 

CALC IhnJGHT CALCULATED 

D6CR DISCRE1B 

PV nAK VALLEY COMHESSION 

Tlf TIhC HISTORY COMPRESSION 


TABLE 2 





SENSOR STATUS 


TAIL 

NO. 

BASE 

accelerometers 

STRAIN gages 



Nz 

Ny 

Nx 

D1 

D2 

D3 


1 

A 

• 

• 

• 

• 

0 

• 


2 

A 

41 

• 

• 

0 

0 

* 


3 

A 

« 

0 

• 

• 

0 

* 


4 

A 








3 

A 

« 

0 

4i 

+ 

• 

• 


6 

A 








7 

A 

• 

0 

0 

0 

♦ 

0 


8 

B 

• 

• 

• 

0 

B 

0 


9 

B 

• 

« 

* 

0 

• 

• 


10 

B 

• 

0 

• 

0 

0 

0 


11 

B 


0 

0 

0 

0 

0 


12 

B 








13 

B 








14 

B 








IS 

C 

« 

0 

0 

0 

0 

0 


16 

C 

• 

0 

• 

0 

0 

B 


17 

C 








18 

C 








19 

C 








20 

C 


0 

• 

0 

. 

• 


21 

C 
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ROUND TABLE DISCUSSION - ISSUES AND RECONMEMDATIONS 
by A P Ward 

Head, Fatigue & Fracture Technology 
British Aerospace (Military Aircraft) Ltd 
Varton Aerodrome, Preston, PR4 lAX, England 


1. INTRODUCTION 

Following the presentation of the 
formal papers there followed an active 
discussion period devoted to Issues 
and Recommendations. A summary of 
the discussions is presented in the 
following. 

2. ACKNOWi.Rnciangfrs 
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led by the author with assistance from 
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(IT) and Mr J Thompson (CA). 
Contributors from the audience, were 
Hr A G Aponte (US), Mr M A Bullock 
(UK), Hr S R Hall (CA), Dr C B Harris 
(US), Mrs D M Holford (UK), Or L E 
Jarfall (SW), Dipl Ing V Ladda (GE), 

Dr J V Lincoln (US), Dipl Ing R 
Neunaber (GE), Dr H K Nygard (NO), Hr 
J G Reichel (US), Sqn Ldr H E J Render 
(UK), Dr Ing V Schulz (GE), Hr D L 
Simpson (CA), Ir D J Spiekhout (NL) 
and Major H B Zgela (CA). 

3. STRAIN GAUGES 

3.1 Aircraft-to-aircraft 
repeatability 

It is possible for there to be 
different responses per unit load for 
strain gauges located at Identical 
locations on different aircraft in the 
fleet. An example was given of 
outputs from strain gauges attached to 
each face of a simple rectangular 
section pin-jointed link that had been 
used on an airframe fatigue test. 
Differences in strain response were of 
the order of lOX, this equating to 
about 30X on life. 

The general opinion was that a fora of 
check calibration was necessary and 
that special care was required when 
locating the gauges. The need to 


locate gauges away from joints was 
noted. 

One study had shown measured strains 
in a theoretically uniform stress 
field to be SOX greater than 
predictions, with very large 
variations in stress gradient. Such 
studies reinforced the need to ensure 
that gauges must be precisely located 
(to within 1mm in that particular 
area). 

There was extensive discussion on 
"calibration" procedures, all of which 
related to "in-flight" calibration. 

Techniques referred to were : 

(i) to monitor gauges and parameters 
and to establish a relationship using 
regression techniques. If there were 
significant deviations (ie. with low 
correlation) then there may be 
calibration problems and further 
studies were then necessary to 
establish software changes to account 
for these potential variations. This 
technique was not always successful. 

(li) to perform specific manoeuvres 
on each aircraft to provide a 
calibration. To a question about the 
repeatability of such manoeuvres, one 
response was to suggest using the 
whole flight and then perform a 
regression, as in (i) above. However 
another view was that such an approach 
may lead to too many complexities and 
that specific manoeuvres should be 
chosen to reduce the quantity of lata. 

(iii) to examine all strain-gauge 
responses from high percentage fleet 
fits and identify which gauges are 
biased high, and which appear to be 
low. From such an examination 
correction factors could be 
established. 
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3.2 Change of ■onitoring 
location 

Tvo problems were discussed. The 
first was that associated with 
physically locating the new gauges and 
checking their repeatability. This 
task was similar to that necessary at 
new build, and there may be need for 
new parametric work to establish 
in-flight "calibrations". 

The second related to the need to 
assess the life already used at such a 
location. The complexity of this task 
was dependent on the type of 
information already stored for other 
areas (processed fatigue consumption 
data, or raw data for example) and 
hence changes in monitoring locations 
should be borne in mind during the 
design of the system. 

3.3 Long term reliability 

A number of papers commented on 
reliability and maintainability of 
strain gauge systems, however it was 
difficult to establish statistics. 

A false, bad, impression could arise 
because of poor application of gauges. 
It was essential to have a very 
carefully controlled process which 
could be aided by making use of a jig 
both to locate the gauge and to apply 
a controlled pressure during curing. 
There should be a controlled 
temperature for the mix of the 
adhesives and there should be very 
precise instructions for operators who 
were to embody the gauges. 

In general users were happy with 
strain gauge systems, with some 
reporting over 10 years in service 
with few problems. A typical comment 
was that if there was a problem then 
it was obvious and action could be 
taken to correct it. 

Like any sensor strain gauge systems 
required maintenance. Typical 
problems, particularly where there had 
been retrospective embodiment, related 
to wiring being damaged, problems with 
power supplies and water Ingress to 
conditioning boxes. 

For new designs such problems should 


be reduced significantly by good 
instrumentation and installation 
design. Such systems should not be 
installed in areas where there was 
high maintenance activity. 

The Royal Aerospace Establishment at 
Parnborough offered to produce a 
report covering experiences of strain 
gauge systems in use on UK aircraft. 

3.4 Corrosion 

To a question about the possibility of 
corrosion occurring at the location of 
the strain gauge one commentator 
referred to such problems on an 
undercarriage loads measurement 
programme. However the general 
opinion was that correct protection 
after embodiment of the strain gauge 
should overcome this problem. 

4. PARAHBTERS 

Parametric systems can be classified 
as: 

(i) systems to determine loads by 
interrogating on-board parameters 
using predictor equations set up from 
deterministic models. 

(ii) systems set up to give loads 
predictions from parametric equations 
that have been derived by regression 
analysis using strain gauge data. 

Some concern was expressed about the 
potential complexity of parametric 
systems for areas such as the rear 
fuselage of modern combat aircraft 
with active control. It was suggested 
that in such cases a strain gauge 
approach was possibly more viable. 

There was also concern about 
statistical parametric equations set 
up from regression analyses if they 
did not respect the fundamental 
physical process and if they contained 
functions of a number of dependent 
parameters. A warning was given about 
the dtuigers associated with setting up 
equations from a limited number of 
manoeuvres, the equations potentially 
not being sufficiently robust to cater 
for new types of manoeuvres in 
different parts of the flight 
envelope. 
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It was stated that the key element in 
setting up parametric systems vas to 
have a gocd flight load survey at the 
outset. If buffet vas present then 
this should be addressed separately as 
a parametric systems could not hope to 
cater for such a phenomenon directly. 
An understanding of when it occurred 
could be obtained from the flight load 
programme and action could then be 
taken to account for it separately. 

Should new monitoring locations be 
necessary there vere conflicting views 
on potential problems. One 
commentator believed that a strain 
gauge should be Installed at the new 
location and that new algorithms 
should then be determined using 
regression techniques. Another 
thought that there would be a lot of 
work as the original development 
aircraft might not be available. New 
strain gauging might be necessary to 
support the development of new 
algorithms. The same commentator 
reflected on the problems of analysing 
past flying, referred to in 3.2 above. 
Another mentioned the large amount of 
data that might be stored on the 
ground, but a fourth supported the 
need to retain the data, it being 
easier to reanalyse this than repeat a 
measurement programme. 

Finally there vas a comment that if 
good accuracy could be demonstrated 
from parametric systems these should 
be used rather than strain-gauge 
systems as there would be less of a 
maintenance problem. 

5. CaOBtAL 

5.1 Hethods 

Both strain-gauge and parametric 
systems have potential advantages and 
disadvantages. There is no "right" 
system to use; the particular problem 
should be considered and a selection 
made (strain gauges, parameters, or a 
combination of both). 

5.2 Honltorly port and 
atarbomrd 

Following the observation that there 
vere some who thought it vas necessary 
to monitor only one side of the 
aircraft, because of symmetry, a 


number of observers noted that they 
had seen differences between port and 
starboard results. On larger aircraft 
these differences could be due simply 
to the fact that the pilot seating vas 
offset and that circuits vere usually 
performed in one direction. 

One commentator believed the 
differences vere small and that there 
might be a stronger need to monitor 
other locations, bearing in mind the 
limited number of available channels. 

5.3 Loads/stress/damage 

Many systems vere set up to generate 
outputs of fatigue damage, life 
consumed or fatigue index. One 
questioner asked whether it would be 
better simply to measure load spectra 
at various locations on the airframe 
and to compare these with design 
spectra; provided the cumulative usage 
spectrum vas less severe than design 
then there vere no problems. This 
approach vas suggested because of 
possible difficulties in arriving at 
accurate damage assessments (see 6). 

To a question about dealing with 
significant differences in spectrum 
shape it vas suggested that more tests 
might be necessary. 

5.4 Quality 

There was a strong plea that there 
should be a total quality management 
system in place for the whole process 
of data collection, processing and 
delivery of management information to 
the user. For every step of the 
procedure there should be a process to 
ensure data quality and integrity. 

5.5 Sample Kates 

It was noted that pure sine wave peaks 
can be detected using sample rates 
that vere only a few times higher than 
the frequency. For a complex load, 
however, with superimposed minor loads 
a sample rate of at least 20 times the 
bandwidth vas necessary to detect 
peaks with 12 accuracy. 

6. UFB CALCOLATIOII 

During both the formal presentations 
and the discussion period the life 
(damage) calculation process was 





raised as a problem area. One view 
was that "Klner" calculations were 
usually wrong but conservative. 

However when used for life tracking in 
a relative sense to compare load 
spectra then serious discrepancies 
could result. Another view was that 
Miner calculations were always 
unconservative and that, if the design 
spectrum was less severe than the 
service spectrum, there would be 
problems. On the other hand if it was 
more severe there would be no problem. 

A further comment related to 
comparisons of spectrum severity using 
cycle-by-cycle local stress-strain 
approaches and, alternatively, simple 
Miner type calculations from 
exceedance data. Totally reversed 
relative severities of spectra could 
result. 

It was Important to build up 
confidence in using a particular 
method. Reliance should not be placed 
on a single method until this was well 
proven. It should be possible to go 
to relatively simple basic procedures 
and obtain the same trends as those 
being generated by more complex 
methods. 

The main weak link in the whole 
fatigue monitoring process was the 
life calculation procedure. There was 
general agreement that there was a 
need to devote time to debate this 
matter, perhaps through an AGARO 
Workshop. Such a Workshop should 
review available procedures for 
estimating damage, fatigue life, crack 
growth or durability whether applied 
to Safe Life or Damage Tolerant 
structures. The need to retain 
historical data rather than to use 
processed (ralnflow) tine histories 
should also be covered. 

7. ADWICB TO OPBIATMtS 

There were a number of questions that 
had not been addressed in the formal 
papers. Prom the enormous quantity of 
data generated by fatigue monitoring 
systems it was essential that useful 
information was extracted and 
presented as advice to the operator in 
a simple fora that enabled him to 
realise his fatigue budget and 
management requirements. 


Designers of fatigue monitoring and 
management systems must give serious 
consideration, at the planning stage, 
to the way in which results are to be 
presented. Apart from knowing the 
life consumed, operators require 
information on ways in which 
consumption rates can be reduced 
(change of configuration in specific 
roles, change of operation). Serious 
consideration should be given to the 
interface problem - simple graphical 
presentations were likely to be more 
useful than large tabulations of data, 
for example. 

For systems that were embodied on only 
a limited number of aircraft in the 
fleet then it was necessary to ensure 
these aircraft were allocated in a way 
that would give a representative 
cross-section of the fleet usage. 

In providing advice to operators it 
would also be helpful if indications 
could be given of the reliability of 
predictions. 

8. PROBABlUSnC PROCKDURKS 

It was noted that a number of 
industries with large, expensive and 
critical structures used probabilistic 
approaches in their design and 
clearance procedures. Such topics had 
also been covered during the meeting. 

Procedures could be set-up to include 
a crack growth model, randomisation of 
load spectra, uncertainties in 
inspection methods, material 
properties, load, stress analysis, 
failure criteria, stress intensity 
factors and so on. In addition cost 
functions for inspection and repair 
might also be included. 

Such procedures enable the risk of 
failure to be quantified. They also 
allow an assessment to be made of the 
importance of a particular variable. 

In carrying out sensitivity studies it 
is not necessary to be highly accurate 
when quantifying uncertainties of 
individual variables in order to see 
how a particular variable influences 
the overall safety. Some parameters 
may be very uncertain yet have little 
influence on the overall risk. If 
cost functions are included then it is 
also possible to optimise inspection 
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plans that satisfy both safety and 
economic requirements. 

Procedures nay also permit the user to 
update predictions based on the 
results of inspections and there 
should be a long term aim to use these 
methods at the design stage to 
optimise life cycle costs. 

Despite the developments and alms 
referred to above it was noted that 
such methods are Intended to be used 
not as an alternative to deterministic 
methods but as an addition. 

One commentator confirmed the belief 
that such procedures had their place, 
but offered a vord of caution vith 
regard to the difficulty of accounting 
for rogue flaws in crack 
distributions, and in allowing for 
in-service damage. His advice to 
operators had always been that safety 
was eroded to some extent when 
probabilistic procedures were 
involved. 

They were not yet ready for use as a 
design tool and the benefit from the 
reduction in the cost of inspections 
was not a big enough driver over the 
use of deterministic methods. 

It was noted that, for the study of 
multi-site damage problems, 
statistical approaches were essential. 

9. RELIANCE QH IWSPBCnOH 

In following inspection procedures, 
for a given probability of detection 
for a particular technique, there were 
other risks to be considered. These 
related to the need to be sure that 
the right piece of structure was being 
examined and that the right frequency 
had been chosen, the latter being 
dependent on the fatigue monitoring 
system generating the correct 
information. 

A comment was made that, for typical 
military aircraft structures, whenever 
inspection procedures are relied on to 
maintain integrity then safety is 
eroded to some degree. The USAF 
damage tolerant approach had now been 
in existence for 15 years and, for 
structures designed to carry initial 
flaws for two lifetimes without 


inspection, there had never been a 
failure in the first lifetime. There 
was a desire not to require 
inspections during the aircraft 
lifetime and, from experience to date, 
there was a satisfactory degree of 
confidence in the damage tolerant 
approach. 

To a request to see if all present 
believed that inspection needs had 
been satisfied and that there was no 
further need for R & D in this area 
there was no response I 

10. KSTIMATK OP USAGE 

Some discussion took place on the fact 
that invariably actually usage was 
quite different from (and usually more 
severe than) design usage, and that 
most operators wanted to keep their 
aircraft longer than originally 
envisaged. It was also pointed out 
that there were potentially major 
problems as structures were more fully 
optimised at the design stage and were 
therefore less tolerant to change. 
Usage was also much more complex with 
state-of-the-art developments and the 
use of active controls. 

To minimise potential problems it was 
essential that there was a good, 
continuing relationship between 
designers, qualification 
organisations, operators and pilots. 

One observer was struck by the large 
amounts of money spent on monitoring 
usage of military aircraft when there 
were no such activities in the civil 
field. His experience was that, for 
transport aircraft, the assumed 
spectrum was usually more severe than 
the actual usage. Military people 
should be more realistic in the first 
place, using a severe spectrum, and 
accept the small mass penalty but save 
cost in the long term. 

This latter approach received support 
from another commentator but he also 
pointed out that, in the early stages 
of a project, designers were often 
driven by aircraft performance to 
satisfy customer demands. 
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11. RKCOtOffiMDATIOWS 

In general any reconmendatlons 
resulting from the discussions are 
included under the appropriate section 
heading in the text. There is however 
one important recommendation for a 
follow-on AGARD activity. 

In Section 6 it was highlighted that 
no matter what monitoring system was 
used results were critically dependent 
upon the life calculation process. It 
is recommended that the AGARD SHF 
should organise a Workshop to review 
available procedures for estimating 
life consumed for both Safe Life and 
Damage Tolerant design philosophies. 
The link to "design" and "test" must 
be included, as must cycle 
identification and counting 
techniques. 
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